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Synthesis  and  Application  of  Carbon-based  and  Supported  Metal-Oxide  Catalysts  for  the 
Photocatalytic  and  Thermal  Decomposition  of  DMMP 

Novel  Applications  of  Amorphous  and  Crystalline  Manganese  Oxide, 
Vanadium/Vanadium  Oxide,  Carbon,  and  P205  Catalysts:  Photocatalytic  and  Thermal 
Destruction  of  Refrigerants,  Chemical  Warfare  Agents,  Organophosphorus  Compounds 
and  VOCs 


(4)  SCIENTIFIC  PROGRESS  AND  ACCOMPLISHMENTS: 

Abstract 

This  report  provides  a  detailed  description  of  results  obtained  during  the  third  and 
final  year  of  ARO  contract  DAAH04-96-C-0067,  as  well  as  a  summary  of  results 
obtained  during  the  entire  contract  period  (see  Appendices).  During  the  final  year  of  this 
program,  breakthrough  results  were  obtained  on  a  novel  catalyst  for  the  decomposition  of 
DMMP.  Previous  results  during  the  first  two  years  of  the  contract  had  shown  catalytic 
activity  from  a  few  minutes  to  a  few  hours,  whereas  the  current  catalyst  has  undergone 
over  100  hours  of  continuous  operation  with  no  catalytic  deactivation.  Two  patent 
applications  have  been  filed  (under  provisional  patent  status)  based  on  the  novel  work 
conducted  under  the  present  contract.  In  addition  to  the  thermal  catalytic  work  described 
above,  we  constructed  a  photocatlytic  reactor  prototype  for  the  decomposition  of  DMMP 
on  titania  and  conducted  detailed  reactor  modeling  to  determine  reactor  size  for  optimal 
destruction  of  DMMP.  Three  manuscripts  for  journal  publcations  were  written  and  are  in 
the  process  of  being  submitted.  Two  additional  articles  submitted  previously  were 
published  in  1998  and  1999  respectively  and  are  attached  in  the  Appendix.  In  addition, 
students  presented  portions  of  this  work  at  the  National  ACS  meeting  in  California. 
Results  were  also  presented  during  a  poster  session  at  the  International  Workshop  on 
Decontamination  in  a  Chemical  or  Biological  Warfare  Envimonment  in  Durham, 

England. 

Thermocatalytic  Oxidation  of  DMMP 

The  thermocatalytic  oxidation  of  dimethyl  methylphosphonate  (DMMP)  was  carried 
out  on  nickel,  iron,  copper  and  vanadium  oxides  supported  on  various  substrates 
including  alumina,  silica,  and  titania.  The  vanadium  catalyst  was  found  to  exhibit 
exceptional  catalytic  activity,  far  superior  to  conventionally  well-known  platinum 
catalysts.  Varying  the  vanadium  loading  from  1  to  15%  by  weight  indicated  that  10% 
vanadium  on  A1203  was  an  optimum  concentration.  In  conjunction  with  XRD  patterns, 
monolayer  dispersion  of  V205  on  A1203  was  considered  to  be  beneficial  to  the  longevity 
of  these  catalysts.  Of  the  various  supports  studied,  including  A1,03,  Si02,  and  Ti02,  Si02 
was  found  to  be  the  optimum  support  due  to  its  high  surface  area  and  its  ability  to  resist 
poisoning  by  P205.  On  10%  V/Si02  catalysts,  100%  (to  our  limit  of  detection  of  0.1%) 
conversion  of  DMMP  was  reached  for  more  than  100  hours  at  723  K.  IR,  XRD,  IC,  and 
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XPS  results  illustrated  that  the  used  catalysts  contained  phosphorus  species.  The 
presence  of  methylphosphonic  acid  on  the  catalyst  surface  and  downstream  of  the  packed 
bed  reactor  demonstrated  the  difficulty  of  P— CH3  cleavage.  The  deposition  of  coke  in 
the  catalyst  bed  and  along  the  reactor  wall  resulted  from  the  dehydration  of  methanol  and 
DMMP  on  P205.  Accumulation  of  phosphorus  species  and  coke  on  catalysts  gave  rise  to 
tremendous  loss  of  surface  area.  However,  P205  itself  was  observed  to  catalyze  the 
decomposition  of  DMMP.  A  mechanism  for  this  reaction  was  proposed  to  explain  these 
experimental  observations.  Activated  carbon  was  also  found  to  be  effective  in  the 
destruction  of  DMMP  above  623  K  and  a  two-stage  mechanism  involving  the  formation 
of  P205  is  postulated  to  explain  the  high  activity. 

Summary  of  Experimental  Apparatus  and  Conditions 

Ultra  high  purity  air  was  used  as  a  carrier  gas  at  a  flow  rate  of  50  mL/min,  and 
flowed  through  a  bubbler  filled  with  DMMP  in  order  to  create  a  vapor  stream  of  DMMP. 
The  concentration  of  DMMP  at  298  K  was  1300  ppm  (1  Torr).  A  mass  of  0.100  g  of 
catalyst  (28-48  mesh)  was  used  for  each  test.  The  desired  temperatures  were  controlled 
by  a  tubular  furnace  equipped  with  a  temperature  controller.  Two  GCs  were  used  for  on¬ 
line  analysis.  One  GC  equipped  with  an  FID  and  RTX-5  column  (RESTEK  Corp.)  was 
used  for  analyzing  dimethyl  ether,  methanol,  DMMP,  and  other  organic  compounds. 
The  other  GC  equipped  with  a  TCD  and  Carbowax  column  (Supelco)  was  for  detecting 
CO  and  C02  which  were  decomposition  products. 

Catalyst  Preparation 

An  impregnation  method  was  employed  to  synthesize  the  catalysts.  Precursors  for 
the  preparation  of  catalysts  were  Ni(N03)2-6H20,  Fe(N03)2-9H20,  Cu(N03),-2.5H20, 
NH4V03  and  Pt(acac)2.  The  supports  y-Al203,  and  amorphous  Si02  and  P-25  TiO,  were 
obtained  from  Davidson  and  Degussa  respectively.  Salts  were  dissolved  in  distilled 
deionized  water  with  the  exception  of  Pt(acac)2,  which  was  dissolved  in  ethanol. 
Supports  were  then  added  to  the  solutions  and  stirred  at  room  temperature  for  12  hours. 
Solutions  were  evaporated  and  dried  at  393  K.  Chunks  of  samples  were  ground  and  then 
calcined  at  723  K  for  6  h.  Powdered  samples  were  pelletized  and  sieved  into  28-48 
mesh  granules  for  catalytic  tests. 

Characterization  Methods 

X-ray  powder  diffraction  (XRD)  experiments  were  carried  out  on  a  Scintag  Model 
PDS  2000  diffractometer.  Samples  were  loaded  onto  glass  slides,  and  Cu  Ka  radiation 
was  used  at  45  kV  and  40  mA.  The  sample  scans  were  collected  between  5°  and  80°  20. 
Diffuse  reflectance  Fourier  transform  infrared  (FTIR)  spectroscopy  experiments  were 
performed  on  a  Nicolet  750  spectrometer  with  a  Mercury-Cadmium-Telluride  (MCT) 
detector  and  KBr  beam  splitter.  Spectra  were  collected  with  a  resolution  of  4  cm'1  using 
100  scan  averages.  Surface  area  measurements  were  obtained  using  the  BET  method 
with  a  Micromeritics  ASAP  2010  apparatus.  The  samples  were  preheated  at  423  K  under 


3 


* 


vacuum  before  the  measurement.  Aqueous  extraction  for  ion  chromatography  analysis 
was  performed  by  extracting  the  used  catalyst  in  warm  H20  for  at  least  two  hours.  The 
solutions  were  then  treated  with  ultrasound  for  10  min  and  filtered  through  0.22  pm 
filters.  The  ion  chromatography  system  contained  a  Dionex  DX  500  ion 
chromatography  pump,  a  Dionex  AS4A-SC  anion  exchange  column  and  a  CD  20 
conductivity  detector.  The  eluent  contains  1.8  mM  Na2C03  and  1.7mM  NaHC03,  at  an 
approximate  pH  of  10.  XPS  data  were  obtained  with  a  Physical  Electronics  ESCA 
System,  Model  5400,  equipped  with  a  Mg  anode,  a  hemispherical  analyzer,  a  position 
sensitive  detector  and  an  Omni-fockus  lens  (nominal  area  diameters  =  1.1  mm  and  0.6 
mm).  All  spectra  were  corrected  for  sample  charging  by  referring  the  C Is  photoelectron 
line  for  adventitious  carbon  to  284.8  eV. 

Results  for  Thermocatalytic  Decomposition  of  DMMP 

Control  experiments  with  an  empty  reactor  over  the  temperature  range  573  K  to  723 
K  showed  that  the  extent  of  DMMP  oxidation  at  723  K  varied  less  than  2%.  Therefore, 
it  is  reasonable  to  assume  that  no  reaction  takes  place  at  temperatures  lower  than  723  K 
without  a  catalyst.  Fig.l  shows  the  time  duration  of  DMMP  conversion  at  673  K  over 
different  metal  oxides  supported  on  y-Al203.  The  loading  contents  of  Ni,  Fe,  Cu,  and  V 
were  10%  by  weight.  In  this  study,  1  wt  %  Pt/Al203  catalyst  was  used  for  comparison 
because  it  has  been  widely  used  for  the  decomposition  of  DMMP.  The  “protection  time” 
or  “protection  period”,  defined  as  the  period  over  which  100%  conversion  of  DMMP  is 
maintained,  is  an  important  parameter  for  the  evaluation  of  a  catalyst.  The  sequence  of 
protection  times  obtained  on  these  catalysts  are  10%  V/A1203  (12.5  h)  >  1%  Pt/Al,03 
(8.5  h)  >  10%  Cu/A1203  (7.5  h)  >  A1203  (4.0  h)  >  10%  Fe/Al'203  (3.5  h)  >  10%  Ni/ATO, 
(1.5  h). 

The  vanadium  catalyst  exhibited  higher  catalytic  activity  than  any  other  catalysts 
examined  here.  After  passing  the  protection  period,  nickel,  iron  and  bare  A1203  catalysts 
lost  activity  abruptly.  The  conversion  of  DMMP  actually  increased  after  17  h  on  the 
1 0%  V/A1203  catalyst  and  is  explained  as  follows.  In  our  experiments,  we  observed  the 
formation  of  significant  amounts  of  coke  initially  on  the  catalyst  bed  and  later  along  the 
reactor  walls.  We  eventually  discovered  that  the  coke  was  generated  via  dehydration  of 
methanol  and  DMMP  on  P205,  a  product  from  the  decomposition  of  DMMP.  Thus,  the 
accumulated  P205  along  the  reactor  wall  was  able  to  catalyze  the  decomposition  of 
DMMP  to  form  coke.  After  passing  through  the  protection  period,  P205  started  to 
function  as  a  catalyst,  which  led  to  the  increase  in  conversion  of  DMMP  (about  98%). 
Another  notworthy  point  is  that  with  the  10%  V/A1203  catalyst,  a  “white  fog”  was 
observed  in  the  reactor  exit  gas  stream.  The  white  fog  was  trapped  with  water  for  ion 
chromatography  analysis  and  was  found  to  primarily  contain  dissolved  MPA. 

Fig.l  shows  that  platinized  A1203,  as  a  reference  catalyst,  is  more  active  than 
copper,  nickel,  and  iron  catalysts,  but  not  as  active  as  vanadium  catalysts.  The  protection 
time  of  4  hours  obtained  on  bare  y-Al203  could  be  due  to  the  stoichiometric  reaction 
between  A1203  and  DMMP.  The  protection  times  of  nickel  and  iron  catalysts  were 
shorter  than  those  on  bare  A1203.  The  explanation  for  this  observation  is  that  bulk  A1203 
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was  covered  by  the  phosphorus-poisoned  iron,  or  nickel  compounds  (such  as  FeP04,  or 
Ni3(P04)2),  which  hindered  further  exposure  of  A1203  to  DMMP. 


Fig.  1.  Time  course  of  DMMP  conversion  over  different  catalysts  at  673  K.  Inlet  DMMP 
concentration,  1300  ppm;  total  flow  rate:  50  mL/min. 


Fig.  2  shows  the  variation  of  methanol  concentrations  in  the  flowing  stream  with 
reaction  time.  In  general,  we  find  that  detection  of  methanol  intermediate  directly 
correlates  with  a  decrease  in  DMMP  conversion.  Therefore,  the  trend  shown  in  Fig.  2  is 
opposite  to  that  in  Fig.  1.  The  difference  among  those  catalysts  is  that  a  small  amount  of 
methanol  was  observed  on  the  vanadium  catalyst,  even  during  the  protection  period. 
After  15  h,  the  irregular  change  in  methanol  concentration  on  10%  V/A1203  is  ascribed  to 
catalytic  effects  of  the  formed  P205.  On  A1203,  trace  dimethyl  ether  (DME)  was  detected 

in  the  beginning  of  the  reaction.  The  DME  vanished  soon  after  with  an  increase  in 
methanol. 
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Fig.  2.  Methanol  concentration  as  a  function  of  time  on  stream.  Reaction  temperature,  673  K;  inlet 
DMMP  concentration,  1300  ppm;  total  flow  rate,  50  mL/min. 


The  C02  concentrations  against  reaction  time  were  also  measured.  The  1  % 

Pt/AUOj  catalyst  exhibits  large  amounts  of  C02  production.  During  the  protection 
period,  an  approximately  100%  carbon  balance  was  obtained  only  on  the  1%  Pt/Al203 
catalyst,  as  compared  to  all  other  catalysts  tested.  Note  that  the  10%  V/A1203  catalyst 
which  showed  the  best  conversion  of  DMMP  generated  very  low  C02.  The  carbon 
balance  on  this  catalyst  was  much  less  than  100%.  The  majority  of  carbon  in  DMMP 
was  converted  to  coke  deposited  on  the  catalyst  and  downstream  (along  the  reactor 
walls). 

Since  the  vanadium  catalyst  was  found  to  be  an  excellent  candidate  for  oxidation  of 
DMMP,  the  effects  of  vanadium  concentration  on  catalytic  activity  were  investigated  in 
order  to  find  a  catalyst  with  high  activity  and  low  metal  loading  (see  Fig.  3).  The 
protection  times  as  a  function  of  V  concentration  were  found  to  be  10%  (12.5  h)  >  5% 
(1 1.5  h)  >  1%  (9.5  h)  >  15%  (8  h).  Compared  to  the  5%  V/A1203  catalyst,  the  protection 
time  of  10%  V/A1203  increased  by  only  one  hour  although  the  content  of  vanadium  was 
doubled.  Furthermore,  a  short  protection  time  was  obtained  on  15%  V/A1203.  This 
observation  reveals  that  high  loadings  do  not  benefit  the  activity  of  catalysts.  An 
interpretation  of  this  trend  is  that  high  loading  decreases  the  surface  areas  (shown  in 
Table  1),  in  particular  for  the  sample  with  loading  content  up  to  15%.  Pure  V205  with  a 
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surface  area  of  1.6  rrr/g  did  not  show  activity  since  the  protection  time  was  less  than  half 
an  hour.  Unlike  the  10%  V/A1,03  sample,  no  rebound  in  conversion  of  DMMP  occurred 
on  the  15%,  5%  and  1%  vanadium  catalysts.  During  the  protection  period,  the  product 
distribution  of  methanol  on  these  four  samples  was  very  similar,  approximately  50  ppm. 
The  concentrations  of  C02  were  360  ppm,  250  ppm,  130  ppm  and  150  ppm  on  the  1%, 
5%  10%,  15%  V/A1203  catalysts,  respectively.  The  protection  time  using  the  1%  V/AUO-, 
catalyst  (9.5  h)  was  found  to  be  one  hour  longer  than  that  for  the  1%  Pt/Al203  catalyst 
(8.5  h).  In  other  words,  the  high  activity  and  low  loading  levels  for  the  vanadium 
catalyst  imply  that  these  vanadium  catalysts  may  be  of  practical  interest  for  replacing 
platinum  catalysts  for  the  catalytic  oxidation  of  DMMP. 
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Fig.  3.  Effects  of  vanadium  loading  on  protection  time.  Reaction  temperature,  673  K-  inlet  DMMP 
concentration,  1300  ppm;  total  flow  rate,  50  mL/min. 
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_Table  L  BET  surface  areas  of  supports,  fresh,  and  used  catalysts. 


Catalysts 

Surface  Areas  of 
Fresh  Catalysts 
(m2/ g) 

Surface  of  Areas  of 
Used  Catalysts 

(m2/g) 

Reaction  Time 

(hour) 

Si02 

262.2 

Ti02 

50.2 

V205 

1.6 

A1203 

289.2 

3.8 

5 

10%  Cu/A1203 

229.6 

59.0 

14 

10%  Fe/Al203 

223.8 

136.8 

5 

10%  Ni/Al203 

227.7 

159.2 

2 

1%  Pt/Al203 

284.8 

13.2 

14 

1%  V/A1203 

272.6 

7.9 

20 

5%  V/A1203 

255.9 

11.2 

50 

10%  V/A1203 

248.8 

4.3 

100 

15%  V/A1203 

203.8 

16.5 

20 

10%  V/Ti02 

29.9 

24.4 

9 

10%  V/Si02 

190.4 

10.6 

100 

Activity  as  a  Function  of  Catalyst  Support 

The  ^sadvantagc  of  using  y-Al203  as  a  support  is  that  basic  y-Al,03  is  able  to  react 
with  acidic  P205  to  form  A1P04,  which  can  give  rise  to  a  drastic  loss  of  surface  area  For 
comparison,  the  relatively  acidic  supports,  such  as  Si02,  and  Ti02,  were  chosen  in  this 
study.  Fig.  4  shows  the  conversion  of  DMMP  on  vanadium  (10  wt  %)  catalysts 
supported  on  A1203  Si02  and  TiO,  XRD  results  demonstrated  that  SiO,  was  amorphous 
and  hat  commercially  available  P-25  Ti02  is  a  mixture  of  anatase  and  mtile  with  a  ratio 
ol  75.25,  as  confirmed  ,n  the  literature.  The  catalytic  activity  was  markedly  enhanced 
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* 


using  SiO,  for  which  a  protection  time  of  25  h  was  obtained.  This  catalyst  was  actually 
run  for  lOOh.  After  passing  through  the  protection  time,  the  10%  V/Si02  catalyst 
deactivated  slightly  and  the  conversion  of  DMMP  fluctuated  within  99-100%.  However, 
the  10%  V/TiO,  catalyst  deactivated  very  quickly.  The  low  surface  area  of  this  catalyst 
(29.9  m2/g)  may  be  the  explanation  of  poor  activity.  Lee  et  al.  [1]  reported  that  Pt/TiO, 
was  not  as  effective  as  Pt/Al203.  The  methanol  concentrations  were  maintained  at  an 
average  level  of  50  ppm,  250  ppm  and  750  ppm  on  A1203,  Si02  and  Ti02  catalysts, 
respectively.  The  CO,  concentrations  were  130  ppm  and  250  ppm  on  A1203  and  Si02 
catalysts,  respectively.  A  trace  amount  of  CO,  was  obtained  on  the  TiO,  catalyst.  Pure 
SiO,  and  Ti02  supports  did  not  exhibit  catalytic  activity.  Thus,  is  summary,  10% 
vanadium  supported  on  Si02  was  the  best  catalyst  we  have  found  for  the  decomposition 
of  DMMP. 
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Fig.  4.  Effects  of  supports  on  protection  time.  Reaction  temperature,  673  K;  inlet  DMMP 
concentration,  1300  ppm;  total  flow  rate,  50  mL/min. 
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Temperature  dependence 


The  oxidation  of  DMMP  is  a  particularly  temperature  sensitive  reaction  because  the 
decomposition  product  P205  has  a  high  sublimation  point  (623  K).  Low  temperatures 
will  therefore  result  in  the  accumulation  of  phosphorus  species  on  catalyst  surfaces.  In 
order  to  investigate  the  effects  of  temperature  on  catalytic  activity,  temperature 
dependent  experiments  were  conducted  on  the  10%  V/Si02  catalyst  and  these  results  are 
presented  in  Fig.  5.  The  protection  times  at  623  K,  673  K  and  723  K  were  5  h,  25  h  and 
>100  h  respectively.  At  a  temperature  as  low  as  623  K,  accumulated  phosphorus  species 
on  catalyst  surfaces  led  to  a  drastic  loss  of  active  sites  and  surface  area.  This  could  be  the 
main  reason  for  the  deactivation  of  the  catalyst  at  such  low  temperatures.  In  contrast  the 
catalyst  survived  more  than  100  h  at  723  K.  The  concentration  of  C02  at  723  K  was 
approximately  750  ppm.  Small  amounts  of  effluent  methanol  were  detected  (about  25 
ppm).  Coke  was  formed  on  the  catalyst  and  along  the  reactor  wall.  In  comparison. 
Graven  et  al.  [2]  examined  the  effect  of  temperature  on  deactivation  over  0.5%  Pt/Al203 
catalysts  and  found  that  deactivation  was  still  observed  at  717  K  under  their  reaction 
conditions. 


Fig.  5.  Temperature  dependence  of  oxidative  decomposition  on  10%  V/SiO,.  Inlet  DMMP 
concentration,  1300  ppm;  total  flow  rate,  50  mL/min. 
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BET  surface  areas 


The  BET  surface  areas  of  fresh  and  used  catalysts  are  listed  in  Table  1.  All  the  used 
catalysts  were  run  at  673  K  for  different  times  until  they  deactivated.  The  data  for  the 
10%  V/Si02  catalyst,  which  was  tested  at  723  K  for  100  h,  was  not  available  because  the 
catalyst  was  firmly  stuck  to  the  reactor  wall  and  could  not  be  removed.  The  bare  A1,03 
lost  its  surface  area  very  quickly  (from  289  to  3.8  nr/g)  in  5  h  because  of  the 
stoichiometric  reaction  between  A1203  and  DMMP.  The  high  surface  areas  of  the  used 
10^  Cu/Al203  and  10%  Fe/Al203  catalysts  are  due  to  their  short  reaction  times  related  to 
their  protection  times  (shown  in  Fig.  1).  Investigation  of  the  relationship  between 
vanadium  loading  content  and  surface  area  indicates  that  increasing  loading  contents 
(from  1%  to  15%)  gives  rise  to  a  decrease  in  surface  area.  After  a  100  h  run,  both  10% 
V/A1203  and  10%  V/Si02  samples  lost  almost  all  their  surface  area.  The  accumulation  of 
phosphorus-bearing  compounds  and  coke  may  be  the  explanation  of  this  observation.  In 
general,  a  support  with  low  surface  area,  such  as  TiO,,  is  not  suitable  for  this  reaction. 

Fourier  Transform  Infrared  Experiments 


Investigation  of  the  surface  species  on  the  catalysts  before  and  after  reaction  was 
performed  using  FT-IR  and  the  results  are  presented  in  Fig.  6.  Spectrum  A  indicates  that 
the  fresh  y-Al203  contains  large  amounts  of  water.  The  broad  band  spanning  over  the 
range  of  3700-2500  cm  is  assigned  to  — OH  stretches.  Correspondingly,  an  — OH  bend 
appears  at  1643  cm '.  An  A1 — O  vibration  is  indicated  by  a  broad  band  at  1036  cm'1. 
The  deactivated  A1203  shown  in  spectra  B  contains  a  P— CH3  moiety  (va:  3002  cm'1,  vs: 
2936  cm  ,  5a:  1418  cm  ’,  5S:  1321  cm1),  which  has  been  explicitly  illustrated  by  many 
authors  [see  for  example,  ref.  3],  The  band  at  1230  cm'1  indicates  the  presence  of  P=0 
[4].  Corbridge  et  al.  [5]  pointed  out  that  (P)— O— H  stretch  falls  into  two  regions:  3000- 
2525  cm'1  and  2400-2000  cm'1.  Three  peaks  appear  at  2319,  2223,  and  2106  cm'1  and  are 
assigned  to  a  (P)  O — H  stretch.  Two  bands  with  wave  numbers  as  high  as  3832  and 
3903  cm  are  difficult  to  assign  and  may  be  combination  bands.  Comparison  of  spectra 
D  (fresh  10%  V/A1203  catalyst)  and  spectra  C  (used  catalyst)  indicates  the  presence  of 
P— CH3,  with  two  bands  in  the  region  of  3000-2900  cm'1  on  the  surface  of  the 
deactivated  catalyst.  In  spectrum  D,  a  striking  band  at  2345  cm'1  is  due  to  the  (P)— O— 
H  stretch.  Correspondingly,  a  (P) — O — H  deformation  appears  at  1393  cm'1.  A  weak 
adsorption  at  1224  cm  1  is  due  to  a  P=0  stretch.  Another  significant  difference  between 
spectra  C  and  D  is  the  disappearance  of  an  Al — O  vibration  near  1036  cm'1.  Note  also, 
that  at  the  high  reaction  temperatures  (300-450  deg  C),  water  will  be  desorbed  from  the 
surface.  This  observation  demonstrates  that  the  poisoning  of  y-AT03  by  phosphorus 
species  resulted  in  a  structural  change  of  A1203.  Because  of  destruction  of  the 
hydrophilic  surface  of  y-Al203,  the  deactivated  sample  no  longer  contains  physisorbed 
water,  which  is  illustrated  by  the  disappearance  of  the  —OH  vibration  (stretch  in  the 
range  3700-2500  cm  1  and  bend  at  1643  cm'1).  In  contrast,  the  SiO,  surface  is  resistant  to 
poisoning  of  phosphorus  containing  compounds. 
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X-ray  Diffraction  Results 


XRD  patterns  for  different  samples  are  shown  in  Fig.  7.  The  characteristic 
indices  of  crystalline  V205  were  observed  over  10%  and  15%  V/A1203  catalysts  (patterns 
C  and  D).  In  particular,  bulk  V205  was  obviously  present  on  the  15%  V/A1203  catalyst. 
However,  no  such  characteristic  indices  were  observed  if  the  loading  content  of  V,05  was 
lower  than  5%. 


d-spacing 


Fig.  7.  X-ray  patterns  for  different  vanadium  catalysts.  (A)  1%  V/A1,03;  (B)  5%  V/A1,0  • 

(C)  10%  V/A1,03;  (D)  15%  V/A1,03;  (E)  used  10%  V/A1,03;  (F)  10%  V/SiO,:  (G)  10%' 
V/TiO,.  -,v  ' 
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It  is  reasonable  to  assume  that  V205  is  dispersed  on  A1203  as  a  monolayer.  On 
amorphous  Si02  with  a  surface  area  of  262.2  nr/g,  a  small  amount  of  bulk  V205  was 
observed.  Two  types  of  Ti02  crystallinity,  anatase  and  rutile,  as  well  as  V205  were 
presented  on  the  10%  V/Ti02  catalyst.  Comparison  of  the  used  and  fresh  catalysts 
indicates  that  a  phase  transformation  occurred  on  the  used  10%  V/A1203  catalyst  (Pattern 
E).  The  broad  peak  with  a  d-spacing  of  4.23  is  probably  due  to  the  formation  of 
noncrystalline  A1P04.  The  results  are  in  good  agreement  with  a  report  by  Baier  et  al.  [6], 
In  combination  with  BET  results,  we  believe  that  the  formation  of  A1P04  is  the  reason 
for  the  decrease  in  surface  area  of  the  used  A1,03  systems. 

Ion  Chromatography  Results 

Ion  chromatography  was  used  to  detect  P043',  methyl  phosphonate  acid  (MPA),  and 
methyl  methylphosphonate  (MMP)  on  different  samples.  Samples  were  extracted  with 
water  prior  to  analysis.  Thus,  only  water-soluble  species  could  be  detected  using  this 
method.  However,  DMMP  was  undetectable  because  of  its  nonconductivity  in  water. 
The  used  10%  V/Si02  catalyst  contained  more  P043’  than  the  10%  V/A1,03  catalyst 
despite  the  same  reaction  time  (100  h)  and  reaction  temperature  (673  K).  This  is  due  to 
the  presence  of  A1P04,  which  is  insoluble  in  water  and  thus  can  not  be  measured.  The 
coke  scraped  from  the  reactor  wall  contained  a  large  amount  of  P043',  probably  from  the 
hydrolysis  of  P205,  as  well  as  trace  MMP.  The  “white  fog”  from  the  outlet  of  the  reactor 
was  collected  for  50  h  using  distilled  water.  P043',  MPA,  and  trace  MMP  were  detected. 
Compared  with  P043',  MPA  was  present  in  large  amounts,  providing  additional  evidence 
of  the  difficulty  in  cleaving  P — CH3  bonds. 

XPS  spectra 

XPS  spectra  for  the  used  10%  V/Si02  materials  are  shown  in  Fig.  8.  The  binding 
energies  for  specific  elements  are  labeled  on  the  corresponding  peaks.  In  comparison  to 
the  fresh  catalyst,  the  used  catalyst  obviously  contains  two  new  elements:  phosphorus  and 
carbon,  which  are  illustrated  by  the  binding  energies  of  134.2  eV  for  P  2p  and  284.8  eV 
for  C  Is.  The  binding  energy  for  phosphorus  indicates  that  phosphorus  is  mostly  in  the 
form  of  P043 .  This  is  in  good  agreement  with  our  IC  results.  The  binding  energy  for 
carbon  is  consistent  with  that  for  graphitic  carbon.  The  surface  concentrations  (atom  %) 
of  the  used  catalyst  are  65.6%  (O),  1 .0%  (V),  5.5%  (P),  1 8.2%  (P),  and  9.7%  (Si). 

Mechanism 


The  detailed  characterization  experiments  described  above  were  valuable  for 
determining  the  mechanism  for  decomposition,  which  is  in  turn  of  value  to  design  better 
catalysts.  Our  results  show  that  high  surface  area  (262.2  m2/g)  and  inertness  to  P^05  make 
Si02  an  excellent  support  for  V2Os  dispersion.  Thus,  the  10%  V/SiO,  catalyst  exhibits 
exceptional  activity  for  the  catalytic  decomposition  of  DMMP.  Although  y-Al203  has  a 
high  surface  area,  289.2  nr/g,  it  is  not  resistant  to  the  poisoning  of  acidic  P,05. 


14 


During  the  course  of  the  reaction,  the  formation  of  A1P04  led  to  the  collapse  of 
crystalline  y-Al203  [6].  On  the  other  hand,  although  Ti02  is  inert  to  P205  poisoning, 
the  low  surface  area  (50.2  nr/g)  inherently  limits  the  catalytic  activity.  In  practical 
use,  neither  of  these  two  supports  is  suitable  for  catalyst  preparation. 


Fig.  8.  XPS  spectrum  of  the  used  10%  V/SiO,  catalyst  (100  h). 


Our  experiments  indicate  that  the  P — CH3  bond  is  hard  to  cleave  even 
though  the  majority  of  DMMP  is  decomposed  into  phosphorus  oxide  or 
phosphate.  Thus,  the  suggested  scheme  for  the  process  of  DMMP 
decomposition  is:  DMMP  -»  MMP  ->  MPA  ->  PA  (phosphoric  acid).  At  high 
temperature,  phosphoric  acid  may  exist  as  P,05  as  a  result  of  dehydration. 
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The  following  scheme  (1-4)  is  suggested  to  explain  the  reaction  processes: 

In  the  beginning  of  the  reaction,  DMMP  is  catalytically  converted  to  methanol,  C02,  and 
P,05  in  the  presence  of  oxygen  (Step  1).  Subsequently,  P205  can  react  with  metal  oxides 
to  form  phosphates  (Step  2).  If  more  P205  is  accumulated  on  the  catalyst  or  condensed 
along  the  reactor  wall,  it  is  able  to  catalyze  the  decomposition  of  DMMP  to  form  new 
P205  and  other  products  (Step  3)  since  P205  is  a  strong  desiccant  and  is  able  to  extract 
water  even  from  organic  compounds.  The  assumptions  have  been  confirmed  by  the 
following  experiments: 

Experiment  1:  More  than  90%  conversion  of  DMMP  was  obtained  at  673  K 
when  an  air  stream  with  DMMP  vapor  passed  through  the  pure  P205  bed  in  the 
absence  of  any  aforementioned  catalysts.  P205  sublimed  slowly  and  then  condensed 
on  the  downstream  reactor  wall.  Coke  was  observed  as  the  major  product  and 
formed  in  the  same  region  containing  P205.  Methanol  and  CO,  were  present  in  small 
amounts. 

Experiment  2.  If  the  earner  gas  (air)  was  replace  with  helium,  high  conversion 
of  DMMP  (-90%)  and  coke  was  still  obtained  on  P205.  Instead  of  C02,  dimethyl 
ether  and  methanol  were  observed. 

DMMP  +  02  - Methanol  +  C02  +  P205  (1) 

P205  +  Metal  Oxide  - ►  Phosphate 

P205 

DMMP  +  02  *■  Methanol  +  C02  +  Coke  +  P205 

P205 

Methanol  - ►  Coke  +  C02 

Experiment  3:  Coke  was  formed  at  673  K  on  P,05  if  DMMP  was  replaced  with 
methanol  vapor. 

Experiments  1  and  3  verify  the  appropriateness  of  Steps  3  and  4,  respectively. 
Experiment  2  demonstrates  that  P205  can  remove  molecular  water  from  DMMP 
without  the  assistance  of  oxygen.  However,  the  detection  of  C02  and  methanol, 
instead  of  dimethyl  ether,  in  the  oxidation  of  DMMP  demonstrate  that  the  key 
reaction  proceeds  via  Step  3  after  P205  starts  to  function  as  a  catalyst.  Over 
vanadium  catalysts,  (e.g.  10%  V/Si02)  the  reaction  proceeds  as  in  Step  1.  P205 
accumulates  in  the  catalyst  bed  at  the  start  of  DMMP  decomposition  since  V205  and 
Si02  are  resistant  to  P205.  After  the  vanadium  catalyst  passes  the  protection  period. 
Step  3  actually  dominates  the  reaction  because  the  accumulated  P,05  begins  to 
catalyze  the  oxidation  of  DMMP.  The  conversion  of  DMMP  at  this  stage  is  not 
absolutely  100%  (99  -  100%,  Fig.  5).  The  prerequisite  for  Step  3  is  adequate 
accumulation  of  P205.  Therefore,  the  long  protection  time  achieved  with  10% 
V/A1,03  and  10%  V/Si02  catalysts  is  due  to  the  combination  of  the  original 


(2) 

(3) 

(4) 


16 


vanadium  catalysts  and  subsequent  P,05.  However,  on  other  metal  oxides  (NiO, 
Fe203,  and  CuO)  as  well  as  A1203  supported  catalysts,  the  combining  effects  of  both 
catalysts  and  P205  is  disrupted  because  of  consumption  of  P205  in  Step  2. 
Insufficient  P205  is  generated  during  the  protection  period  for  subsequent  DMMP 
decomposition.  This  conclusion  can  be  used  to  interpret  the  data  for  the  10% 
V/A1203  catalyst  in  Fig.  1.  If  a  catalyst  can  not  survive  for  a  sufficient  time  to 
provide  enough  P205,  the  conversion  of  DMMP  will  abruptly  decrease  after  the 
protection  time.  The  unusual  behavior  of  the  10%  V/Si02  catalyst  is  due  to  the 
resistance  of  both  the  active  component  (V205)  and  the  support  (Si02)  against  the 
poisoning  of  P205.  Therefore,  P205  plays  two  totally  different  roles  for  different 
catalysts:  (1)  P2Os  can  poison  catalysts  to  form  phosphates  if  the  active  components 
or  supports  are  able  to  react  with  acidic  P205;  (2)  Instead,  P205  can  assist  to 
decompose  DMMP  if  a  certain  amount  of  P205  is  accumulated  in  a  reactor.  To  the 
best  of  our  knowledge,  such  data  and  corresponding  explanations  have  not  been 
previously  reported. 

Activated  Carbon 

In  addition  to  the  above-described  vanadium  catalysts,  we  have  found  that 
activated  carbon  is  similarly  effective  in  decomposing  DMMP  with  high  (-100%) 
efficiency.  The  activated  carbon  used  in  this  study  was  obtained  from  Strem  Chemicals, 
Inc.  The  granular  activated  carbon  was  cracked  into  28-48  mesh  particles  for  activity 
tests.  The  BET  surface  area  was  897.5  m2/g,  with  a  pore  volume  of  0.6033  cm3/g.  After 
being  degassed  at  300  °C  for  10  hours,  the  activated  carbon  lost  18.5%  of  its  weight  due 
to  water  desorption.  After  reaction,  the  activated  carbon  lost  the  majority  of  its 
micropores  as  its  surface  area  and  total  pore  volume  decreased  (897.5  to  241.3  mr/g). 
Although  the  total  pore  volume  decreased,  the  macropore  volume  increased. 

During  the  course  of  the  reaction,  large  amounts  of  phosphorus  species  and  coke 
occupied  the  pores  resulting  in  a  sharp  decrease  in  pore  volume  and  surface  area. 
Experimental  results  showed  that  the  decomposition  of  DMMP  involved  two  stages.  In 
the  first  stage,  activated  carbon  behaved  as  an  initiator  converting  DMMP  into  CO„ 
methanol,  and  P205.  This  reaction  required  oxygen  supplied  from  air.  In  the  second 
stage,  P205  accumulated  in  the  reactor  was  able  to  catalyze  the  decomposition  of  DMMP. 
The  second  stage  was  actually  an  autocatalytic  process. 

As  the  experiment  is  initiated  (see  Fig.  9),  the  activated  carbon  is  relatively  stable  in 
flowing  air  at  temperatures  below  673  K.  A  ‘burning’  process  then  occurs  and  releases 
C02  at  723  K.  After  5  h  of  reaction  above  673  K,  the  activated  carbon  loses  its  porosity 
and  surface  area  almost  completely.  However,  the  conversion  of  DMMP  remains  above 
99%  for  100  h.  The  prolonged  apparent  protection  time  is  contributed  to  by  both  the 
activated  carbon  catalyst  and  the  P205  formed  in  the  reaction  process.  This  autocatalytic 
reaction  is  temperature  dependent  since  high  temperature  facilitates  cleavage  of  the  P— 
CH3  bond. 
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Conversion  of  DMMP  (%) 


Fig.  9  Conversion  Efficiency  for  DMMP  On  Activated  Carbon. 
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Photocatalytic  Experiments 


In  addition  to  the  thermally  activated  catalytic  experiments  described  above,  we  also 
investigated  the  photocatalytic  decomposition  of  DMMP.  The  catalyst  used  was  titania 
and  the  details  of  the  experimental  set  up  are  shown  in  the  Appendix. 

In  order  to  design  a  photocatalytic  reactor  for  the  destruction  of  CWAs,  the  intrinisc 
or  kinetic  rates  of  reaction  must  be  determined.  We  have  done  this  using  the  data 
generated  with  UTRC’s  intrinsic  rate  reactor.  The  oxidation  rate  was  defined  by 
r  =  2.45{Xin-X0Ut)QIA 

where  r  (|>mole/cm2-hr)  is  the  oxidation  rate;  and  Xm  (ppm)  and  X0M  (ppm)  are  the  inlet 
and  outlet  DMMP  concentrations,  respectively;  Q  (1pm)  is  the  volumetric  flow  rate;  and 
A  (cm2)  is  the  area  of  the  titania-coated  glass-plate;  the  numerical  coefficient  accounts  for 
the  units  change. 

Intrinsic  rate  determinations  were  performed  at  a  4  1pm  flow  rate.  To  check  for  gas- 
side  mass-transfer  influence,  the  flow  was  doubled  to  8  1pm.  The  subsequent  oxidation 
rate  remained  unchanged  indicating  that  the  oxidation  rates  obtained  at  the  4  1pm  flow 
were  free  of  gas-side  mass-transfer  influences.  For  the  generation  of  intrinsic  rates,  the 
relative  fractional  change  in  the  DMMP  concentration  through  the  reactor  was 
maintained  below  0. 1  through  the  selection  of  an  appropriate  catalyst  (slide)  length.  This 
ensured  that  the  reactor  was  being  operated  in  a  differential  mode  during  intrinsic  rate 
determinations. 

In  all  photooxidation  experiments  the  following  protocol  was  used:  First,  the  gas 
flows,  DMMP,  and  water  vapor  levels  were  set.  When  the  inlet/outlet  DMMP 
concentrations  reached  steady-state  and  were  of  equal  magnitude,  the  UV  lamp  was 
illuminated. 

F or  the  study  of  possible  homogeneous  reactions,  uncoated  glass-slides  were  placed 
in  the  reactor.  The  lamp  type  (germicidal  or  ozone),  irradiation  intensity,  DMMP,  and 
oxygen  level  were  varied.  No  change  in  DMMP,  carbon  dioxide,  or  carbon  monoxide 
level  through  the  reactor  was  seen  when  irradiated  with  the  germicidal  lamp.  For  the 
ozone  lamp,  a  change  in  DMMP  concentration  through  the  reactor  was  observed,  even  in 
the  absence  of  oxygen,  indicating  the  presence  of  direct  photo-dissociation.  The  change 
in  DMMP  monotonically  increased  with  increasing  oxygen  level  up  to  the  highest 
oxygen  level  used. 

Catalyst  deactivation  due  to  the  reaction  of  DMMP  was  first  observed  under  black- 
light  irradiation  as  discussed  in  our  previous  paper  (see  Appendix).  In  that  study, 
rejuvenation  of  the  catalyst  was  accomplished  by  simply  washing  the  catalyst  with  water. 
The  photooxidation  of  DMMP  under  germicidal  and  ozone  lamps  irradiation  also 
resulted  in  deactivation  of  the  catalyst.  The  oxidation  rate  from  the  germicidal  and  ozone 
lamps  did  not  differ  significantly,  and  could  be  the  result  of  the  low  irradiation  level  used 
and  concomitant  low  ozone  level.  A  performance  comparison  for  these  two  lamps  at  the 
maximum  available  irradiation  level  is  shown  in  Fig.  10.  In  spite  of  a  high  ozone  level 
with  the  ozone  lamp  and  an  expected  concomitant  ADMMP  of  0.8  ppm  from  the 
homogeneous  reaction  pathway,  there  was  no  significant  difference  between  the  two 
lamp  types. 
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Fig.  10  Effect  of  lamp  type  on  DMMP  disappearance:  38  m  W/cm2  @  254  nm,  42  ppm  DMMP 
influent,  6500  ppmv  humidity. 
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Honeycomb:  10  pores/cm2,  3.09  cm2/pore,  30.9  cm2/cm2, 
12.1  cm2/cm3,  0.32  cm  pore  diameter,  and  2.54  cm  thick. 


Sample 


AL-foil  covered  wall 


Gas  Flow: 
N2,02, 
H20,  and 
DMMP 


Figure  1 1  DMMP  Demonstration  Reactor. 
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DMMP  Demonstration  Photocatalytic  Reactor 

For  the  study  of  possible  homogeneous  reactions,  uncoated  honeycombs  were 
substituted  for  the  coated  honeycombs  in  the  demonstration  reactor  (Fig.  1 1).  The  lamp 
type  (black-light,  germicidal  or  ozone),  oxygen  level,  and  flow  rate  were  varied.  No 
change  in  DMMP,  carbon  dioxide,  or  carbon  monoxide  level  through  the  reactor  was 
measured  when  irradiated  with  the  black-light  or  germicidal  lamps.  For  the  ozone  lamp,  a 
change  in  DMMP  concentration  through  the  reactor  was  observed  and  is  shown  in 
Table  2.  The  change  in  DMMP  at  zero  oxygen  indicated  the  presence  of  significant  direct 
photo-dissociation.  The  addition  of  oxygen  (20%)  generated  ozone  and  resulted  in  a 
further  increased  in  the  rate  of  DMMP  disappearance.  The  high  ozone  level,  compared  to 
those  seen  in  the  intrinsic  reactor,  was  a  consequence  of  the  lamp  sitting  in  the  flow  field 
and  subsequently  a  greater  volumetric  generation  of  ozone  was  produced.  The  presence 
of  ozone  suppressed  the  formation  of  carbon  dioxide  but  enhanced  the  formation  of 
carbon  monoxide. 

The  performance  characteristics  of  the  UV  lamps  are  shown  in  Table  3.  The  UV 
intensity  is  given  as  that  at  the  entrance  plane  of  the  honeycombs,  that  is,  6.4  cm  from  the 
lamp.  Although  the  black-light  lamp  produce  half  the  intensity  of  either  the  germicidal  or 
ozone  lamps,  the  power  used  by  the  lamps  was  nearly  the  same.  The  total  UV  power  was 
computed  by  treating  the  lamp  as  a  line  source  and  integrating  about  a  cylinder  enclosing 
the  lamp.  The  result  of  the  integration  is  an  equation  (see  Table  2)  relating  the  total  UV 
power  to  the  UV  flux  at  any  centered  distance  from  the  lamp.  The  total  length  of  each 
lamp  was  38  cm  for  the  black-light  lamp,  and  28  cm  for  the  germicidal  and  ozone  lamps. 
The  interior  of  the  reactor  was  exposed  to  only  6.4  cm  of  these  total  lamp  lengths. 

For  the  study  of  photocatalytic  reactions,  two  titania  coated  honeycombs  were  placed 
in  the  reactor  (Figure  1 1).  The  lamp  type  (black-light,  germicidal  or  ozone)  and  flow  rate 
were  varied,  while  the  oxygen  level  was  fixed  at  20%.  The  results  are  shown  in  Table  4. 
Reliable  carbon  dioxide  or  carbon  monoxide  levels  could  not  be  determined  with  the 
ozone  lamp  only  and  are  not  so  reported  in  Table  4.  The  greatest  DMMP  disappearance 
was  recorded  with  the  ozone  lamp.  For  the  ozone  lamp  and  24  1pm  flow  rate,  the  100% 
DMMP  disappearance  could  be  roughly  distributed  as  follows:  direct  dissociation  27%, 
direct  dissociation  plus  ozone  reactions  was  58%,  the  balance,  if  attributed  to 
photocatalytic  processes  alone,  would  be  42%.  For  the  ozone  lamp  and  12  1pm  flow  rate, 
the  100%  DMMP  disappearance  was  brought  about  without  photocatalytic  processes; 
direct  dissociation  57%,  direct  dissociation  plus  ozone  reactions  was  100%.  With  respect 
to  the  power  consumed  by  the  lamps,  the  effect  of  the  UV  lamp  type  on  DMMP 
disappearance  followed  the  order:  ozone-lamp  >  germicidal-lamp  >  black-light-lamp. 
No  attempt  was  made  to  determine  the  quantum  efficiency  of  these  lamps. 
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Table  2  Homogeneous  DMMP  disappearance  for  variations  in  oxygen  and  flow  rate 


# 

Flow 

Rate 

Water 

Vapor 

o2 

Ozone 

(1pm) 

(ppm) 

(%) 

(ppm) 

1. 

12.1 

5600 

20 

33.0 

2. 

12.1 

5300 

0 

0.00 

3. 

24.0 

4300 

20 

16.4 

4. 

24.0 

4500 

0 

0.00 

DMMP 

ADMMP 

AC02 

ACO 

Eff. 

(ppm) 

(ppm) 

(ppm) 

(ppm) 

(%) 

2.03 

2.03 

0.00 

1.10 

100 

2.24 

1.27 

0.45 

1.39 

57 

2.52 

1.47 

0.00 

0.78 

58 

2.54 

0.68 

0.03 

1.07 

27 

£ _ _ _ 0.050  0,050  0.014  0.180  5 

Table  3  UV  intensity  and  power  usage  for  the  UV  lamps  used  in  the 
demonstration  reactor 


UV  Lamp 

Power 

Power 

UV 

UV 

UV 

Used 

Used  by 

@  6.4  cm 

Power 

Eff. 

by 

Ballast 

From 

Lamp 

(watts) 

(mW/cm2) 

Lamp** 

(%) 

(watts) 

(watts) 

Black-Light 

20.1 

1.15 

2.4 

4.2 

16.5 

Germicidal  1 

22.4 

0.98 

4.9 

8.3 

26.2 

Ozone 

22.4 

0.98 

4.9* 

8.3* 

26.2 

*  UV  at  254  nm 


**  UV  -  Power  = 


1.5  tt2  y  (4y2  +L2)2; 


12y2  +2L2 


—  where  L  is  the  lamp  length,  y  is 


the  distance  from  the  lamp  to  the  UV-meter,  Iuv  is  the  UV  intensity  at  y. 
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Table  4  DMMP  disappearance  with  photocatalytic  titania,  effects  of  UV-lamp 
and  flow  rate:  oxygen  at  20% 


# 

Lamp* 

Flow 

Water 

Ozone 

DMMP 

ADMMP 

aco2 

ACO 

EfT. 

Rate 

Vapor 

(1pm) 

(ppm) 

(ppm) 

(ppm) 

(ppm) 

(ppm) 

(ppm) 

(%) 

1. 

Ozone 

B 

1.74 

1.74 

100 

2. 

Germ. 

12.1 

HI 

2.03 

1.48 

1.13 

1.27 

73 

3. 

Black-Light 

12.1 

5400 

2.03 

0.72 

0.90 

0.69 

35 

4. 

Ozone 

24.0 

3800 

16.4 

2.33 

2.33 

... 

100 

5. 

Germ. 

24.0 

3900 

0.00 

2.33 

0.99 

1.29 

1.10 

42 

*  Test  #  6  used  two  UV  lamps,  all  other  tests  used  a  single  UV  lamp 


a _  0.050  0.050  0.014  0.180  5 


Theory-Experiment  Comparisons 

A  one-dimensional  computerized  model  of  photocatalytic  reactors  was  previously 
presented  by  Hall  et  al.  [7]  for  honeycomb  monoliths.  The  program  is  based  on  analysis 
of  the  distribution  of  UV  light  within  diffusely  illuminated  honeycomb  channels  using 
conventional  shape  factor  analysis,  mass  transfer  of  gaseous  contaminants  to  the  channel 
surfaces  using  standard  one-dimensional  Sherwood  number  correlations,  and 
photocatalytic  destruction  of  the  contaminants  on  the  surface  using  measured  intrinsic 
destruction  rates.  Comparisons  of  the  model  predictions  with  experiments  performed  in 
a  demonstration  reactor  are  shown  in  [7]  to  be  quite  good  for  contaminants  such  as 
formaldehyde  and  toluene. 

The  model  deals  only  with  heterogeneous,  photocatalytic  destruction  of  DMMP, 
with  no  gas-phase  chemistry  included.  Therefore,  only  those  experiments  which  used 
either  black-  or  germicidal  lamps  and  for  which  the  destruction  could  be  attributed  to 
photocatalytic  processes  were  modeled.  The  intrinsic  rate  and  UV  intensity  dependence 
measured  for  DMMP  were  used.  The  mini-reactor  tests  were  conducted  at  relative 
humidity  levels  close  to  that  for  which  the  intrinsic  rate  was  measured,  and  no  further 
corrections  for  relative  humidity  were  made.  Although  the  intrinsic  rate  was  measured 
with  a  black-lamp,  it  was  assumed  that  there  is  no  difference  between  black-  and 
germicidal  lamps  on  a  unit  UV  flux  basis. 
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Table  5.  Comparison  of  Theory  with  Experiments 


Experiment 

Flow  rate 
(1pm) 

DMMP 

Cone,  (ppm) 

UV  Flux 
(mW/cm2) 

Measured 

Efficiency 

Calculated 

Efficiency 

2 

12.1 

1.74 

4.9 

68% 

60-67% 

3 

12.1 

2.03 

4.9 

73% 

60-66% 

4  * 

12.1 

2.03 

2.4 

35% 

43-50% 

6  ** 

24.0 

2.33 

4.9 

42% 

46-53% 

*  Black-light 
**  Two  UV  lamps 

Two  calculated  efficiencies  are  shown  in  Table  5.  The  lower  of  the  two  corresponds 
to  a  correction  to  the  intrinsic  rate  for  the  possibility  that  the  UV  meter  was  out  of 
calibration  at  the  time  the  intrinsic  rate  measurement  was  made  (the  meter  was  found  to 
be  out  of  calibration  about  a  year  later  in  other  tests  with  the  real  UV  intensities  a  factor 
of  1.35  greater  than  indicated).  The  approach  velocities  corresponding  to  the  two  flow 
rates  in  Table  5  are  so  low  (5  and  10  cm/sec)  that  mass  transfer  resistance  is  a  significant 
influence  in  the  experiments.  The  model  is  seen  to  be  slightly  low  relative  to  experiment 
for  tests  2  &  3,  and  higher  than  experiment  for  tests  4  &  6.  However,  given  the 
simplicity  of  the  model  and  experimental  uncertainties,  the  agreement  is  encouraging, 
and  gives  support  to  the  idea  that  the  model  could  be  used  to  design  scaled-up  reactors 
which  could  be  used  for  large  scale  destruction  of  DMMP. 

As  an  example,  the  predicted  performance  of  a  large  scale  reactor  capable  of 
purifying  200  CFM  of  air  containing  DMMP  at  100  ppm  is  shown  in  Fig  12.  The  reactor 
consists  of  12  titania-coated  honeycomb  monoliths  spaced  about  8  inches  apart  each  with 
a  cross-sectional  area  of  20  square  feet.  Using  the  slower  of  the  two  intrinsic  destruction 
rates  for  DMMP  discussed  previously,  the  single  pass  efficiency  of  the  device  reaches 
99.85%  with  a  total  input  power  of  18  kW.  The  gas  would  be  heated  about  50  deg  C  for 
this  power  input.  For  the  faster  of  the  two  rates,  the  power  consumption  would  be  about 
20  %  less  for  the  same  efficiency. 
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Conclusions 


In  summary,  we  believe  that  significant  advances  were  made  during  the  three  year 
ARO  contract  on  the  photocatalytic  and  thermocatalyltic  decomposition  of  the  CWA 
simulant,  DMMP.  The  most  important  result  during  the  final  year  of  the  contract  was  the 
discovery  of  catalysts  (primarily  V  on  silica)  that  exhibited  high  conversion  (-99.9% 
conversion  to  our  detection  limit  of  0.1%)  of  DMMP.  The  catalysts  were  run 
continuously  for  over  100  hours  with  no  apparent  deactivation.  Various  characterization 
methods  were  employed  to  elucidate  the  mechanism  and  it  was  found  that  P,05  plays  an 
important  catalytic  role,  instrumental  in  maintaining  high  conversion  of  DMMP  for 
prolonged  periods.  Activated  carbon  was  also  found  to  be  effective  in  destroying  DMMP 
at  temperatures  above  673  K,  with  no  deactivation-  once  again  due  to  P205  formation.  In 
addition  to  the  thermocatalytic  study,  a  photocatalytic  reactor  prototype  was  constructed 
for  the  destruction  of  DMMP  using  titania  as  the  catalyst.  The  reactor  was  designed 
based  on  intrinsic  rate  measurements  done  at  UTRC  and  a  model  developed  previously  at 
UTRC  for  titania-coated  honeycomb  monoliths.  The  experimental  conversion 
efficiencies  were  in  reasonable  agreement  with  those  predicted  by  the  model.  An 
approximate  reactor  size  is  given  based  on  99.85%  conversion  efficiency  of  DMMP. 
Although  photocatalysis  is  a  widely  publicized  method,  it  is  important  to  consider  the 
fact  that  catalyst  poisoning  does  occur.  It  is  therefore  important  to  include  kinetic  rates 
and  detailed  modeling,  such  as  the  work  begun  in  this  study,  before  developing  prototype 
systems  for  the  military. 

Future  work  in  this  area,  potentially  through  a  follow-on  proposal  submitted  in  ’99, 
would  benefit  by  a  ‘combinatorial’  or  ‘high-throughput  screening’  approach  to  further 
develop  and  optimize  catalysts  for  efficient  destruction  of  CWA  simulants. 
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(5)  TECHNOLOGY  TRANSFER: 

Patent  disclosures  filed  as  discussed  in  (3).  No  other  technology  transfer  but 
discussions  were  held  with  UTC  Business  Units  and  at  Aberdeen. 
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Abstract 


between  1  and  90  ppmv  in  air.  tins ic  reaction  Z  were  **  “Wnl  DMMP  —  traded 

The  main  reaction  products  identified  were  carbon  dioxide  and  carbon  monoxid  ndreaCt,0n  chemistIT  has  been  postulated, 

phosphate  on  the  catalyst.  It  was  found  that  due  to  build-up  of  surface  Dhosnhn  C  ■  6  gas'phase-  and  methylphosphonic  acid  and 
rapidly.  One  of  the  interesting  results  of  this  study  **  de'activated  relatively 

~~ by  «*— » CT  >  352  J!m  ?S5CSS2»£ZSr^  *»  — 


Keywords.  DMMP,  Titania;  Photocatalvsis:  Organophosphorus:  Photo-oxidation:  Nerve  gas 


1.  Introduction 


The  decomposition  of  organophosphorus  compounds  h 
been  of  interest  for  several  years,  primarily  for  the  destru 
tion  of  chemical  warfare  agents  and  pesticides,  as  well 
ot  er  phosphorus-containing  hazardous  waste.  Wi 
approximately  25  000  tons  of  chemical  weapons  stockpile 
in  the  US  alone,  there  is  interest  in  developing  methot 
alternate  to  incineration  for  safely  destroying  these  stoc! 
piles.  In  addition  to  large-scale  disposal,  destroying  trac 
quantities  of  such  pollutants  in  enclosed  spaces  is  importai 
or  storage  and  transport  applications.  Photocatalysis  hr 
emerged  over  the  last  two  decades  as  a  low  cost  an 
environmentally  benign  method  to  destroy  low  concentrt 
tions  of  pollutants  in  air  and  aqueous  feed  streams.  In  thi 
study  we  report  the  photocatalytic  oxidation  of  dimethv 
methylphosphonate  (DMMP);  a  widely  used  simulant  fo 
nerve  gas  (e.g.,  iso-propyl  methylphosphonofluoridate  o 

UD). 

One  of  the  main  difficulties  in  the  catalytic  decompositioi 
o  p  osp  orus-containing  compounds  is  poisoning  or  de<ma 
dation  of  the  catalyst.  Several  studies  have  been  reported  or 
e  t  ermal  decomposition  of  DMMP  on  various  substrates 
mcludmg  Ni  (1  I  1),  Pd  (1  1  I).  Rh  (1  0  6).  A1,05,  Me 
(0  0),  Fe203,  Si02,  and  Pt  [1-8],  In  most  of  the  above 
outlies,  with  the  exception  of  Mo  (10  0).  the  catalytic 
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reaction  was  not  sustained  due  to  the  accumulation  of 
products  on  the  catalyst  surface.  In  contrast  to  the  theimallv 
catalyzed  reactions  of  DMMP  reported  above,  we  hav'e 
studied  the  photocatalytic  decomposition  of  DMMP  on 
mama  at  room  temperature.  The  use  of  titania  for  the 
oxidation  of  organophosphonates  and  pesticides  in  aqueous 
so  utions  has  been  documented  in  recent  studies  [9-15],  As 
opposed  to  liquid-phase  reactions,  we  report  here  the  photo¬ 
catalytic  reaction  of  DMMP  in  the  gas-phase  on  a  titania- 
coated  glass  support.  The  goals  of  the  studv  were  to  deter¬ 
mine  intrinsic  oxidation  rates,  identify  reaction  products 
and  demonstrate  rejuvenation  of  the  de-activated  catalvst  ’ 


2.  Experimental 


2.1.  Materials 


DMMP  was  purchased  from  Aldrich  and  used  without 
further  purification.  Titania.  P-25  was  purchased  from 
Degussa.  Nitrogen  from  an  in-house  source  and  oxv^en 
(Matheson;  99.999%)  were  used  in  all  experiments.  '  ^ 

2.2.  Intrinsic  rate  apparatus 

A  glass-plate  photocatalytic  reactor  was  used  to  generate 
intrinsic  oxidation  rate  data.  A  complete  description  of  the 
reactor  and  its  operation  is  presented  elsewhere  [16],  Ultra¬ 
violet  (UV)  illumination  was  provided  by  a  pair  of  black- 
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light  lamps  (352  nm  peak  intensity,  SpectroLinc  XX-15A). 
UV-intensitv  at  the  catalyst  surface  was  measured  by  a  UVA 
power  meter  (Oriel  UVA  Goldilux).  DMMP  was  zenerated 
by  vaporizing  DMMP  in  a  temperature-controlled-water 
bath.  Control  of  the  DMMP  generation  rate  was  effected 
through  selection  of  the  water  bath  temperature  and  the 
length  and  diameter  of  a  feed  tube  leading  from  a  DMMP 
containment  vial;  the  DMMP  effluent  from  the  vial  was 
swept  aw'ay  by  a  flow  of  nitrogen  gas.  Hish-puritv  nitrocen 
gas  passed  through  a  water  bubbler  to  set  the  desired  water 
vapor  level.  An  oxygen  gas  flow  was  combined  with  the 
nitrogen  and  DMMP  flows  to  produce  the  desired  carrier  zas 
mixture  (10%  oxygen  and  90%  nitrogen). 

An  opaque  film  of  Degussa  P-25  titania  was  deposited  on 
flat  25  mm  wade  microscope  glass  slides  using  a  w'ash-coat 
process.  The  wash-coat  was  5%  by  weizht  of  titania  in 
distilled  water.  A  titania  film  was  prepared  by  dipping  the 
glass  slide  in  the  wash-coat  several  times,  air-dried  between 
dippings,  and  then  oven-dried  at  60'C.  This  process  was 
repeated  until  a  0.90  mg/cm:  film  (one  side)  was  attained.  A 
fresh  titania-coated  slide  was  used  in  each  DMMP  experi¬ 
ment.  The  photocatalvtic  activity  of  each  catalyst  slide  was 
determined  from  the  photo-oxidation  of  1 -butene,  which  has 
been  previously  studied  in  this  laboratory. 

2.5.  Analysis  of  reaction  products 

The  concentrations  of  w'ater  vapor,  carbon  dioxide,  and 
carbon  monoxide  were  measured  using  a  photo-acoustic 
detector  (Brtiel  and  Kjsr  1302).  The  concentrations  of 
DMMP  and  1 -butene  were  measured  using  a  gas  chromato¬ 
graph  (HP-5890  13)  equipped  with  an  FID  detector  and  a 
megabore  column  (Restek  RTX-502.2).  Gas  standards 
(Matheson)  were  used  to  calibrate  the  detectors  for  carbon 
dioxide,  carbon  monoxide,  and  1-butene.  A  standard  for 
DMMP  was  provided  by  vaporizing  DMMP  in  a  tempera¬ 
ture-controlled  oven  (Metronics  230  Dynacalibrator).  For¬ 
maldehyde  and  methanol  were  not  detectable  with  the 
photo-acoustic  detector  due  to  overlap  of  DMMP  absorption 
bands  in  the  IR  region. 

After  reaction  with  DMMP,  the  titania  slides  were 
immersed  in  distilled  deionized  water  and  the  reaction 
products  were  extracted  using  ultrasonication.  The  extracted 
products  were  analyzed  by  ion  chromatograph v  usina  a 
Dionex  AS4A-SC  anion  exchange  column  and  a  Na^CO-/ 
NaHCO;,  buffer.  Standards  of  methyl  phosphonic  acid 
(MPA)  and  phosphate  (phosphoric  acid)  were  used  to  iden¬ 
tify  the  products. 

In  order  to  collect  gas-phase  products,  a  cold-trap  (  dry  ice/ 
acetone  at  78  C  or  ethanol/liquid  nitrogen  maintained 
at  80  C)  was  used  to  trap  volatile  products  at  the  exit  of 
the  titania  reactor.  The  concentrated  products  were  then 
identified  by  GC/GCMS/IR.  The  primary  gas-phase  pro¬ 
ducts  that  we  attempted  to  detect  with  the  mass-spectrometer 
included  methanol,  formaldehyde,  formic  acid,  and  methyl 
formate. 


3.  Results  and  discussion 

j./.  Preliminary'  reactivity  measurements 

Control  experiments  verified  that  under  UV-illumination. 
no  change  in  DMMP  level  or  evolution  of  carbon  dioxide  or 
carbon  monoxide  was  observed  w?ith  uncoated  slides.  It  was 
also  shown  that  both  oxygen  and  UV-Iight  were  required  for 
photocatalvtic  decomposition  of  DMMP  on  Ti(X  There  was 
no  significant  loss  of  DMMP  due  to  adsorption/reaction  on 
non-catalytic  surfaces  in  the  apparatus. 

In  a  study  of  film  loading  by  Jacoby  et  al.  [17],  the 
oxidation  rate  of  trichloroethylene  increased  with  film 
loading^  up  to  a  titania  (Degussa  P-25)  loading  of  0.5 
mg/cm2  and  remained  constant  for  ail  higher  loadings. 
This  finding  suggested  that  the  oxidation  rate  maximized 
at  a  film  loading  of  0.5  mg/cm2  and  that  additional 
film  loading  added  nothing  to  the  oxidation  rate.  This 
conclusion  should  not  depend  on  the  specific  contaminant 
used,  and  hence,  can  be  applied  in  the  present  study.  The 
titania  film  in  the  present  study  was  determined  to  be 
opaque  to  UVA  by  placing  a  coated  plate  between 
the  UV  black-light  lamps  and  the  UVA  power  meter.  This 
finding  coupled  with  the  conclusion  drawn  from  Jacoby 
et  aFs.  finding  [17]  suggested  that  the  UV-radiation  was 
being  maximally  utilized  in  the  oxidation  process  reported 
herein. 

Oxygen  was  maintained  at  a  constant  level  of  10%  by 
volume  for  all  rate  measurements.  Jacoby  et  al.  [17]  and 
Dibble  and  Raupp  [18]  have  found  that  for  the  oxidation  of 
trichloroethylene  the  rate  was  zero-order  for  oxvzen  levels 
above  1%.  In  view  of  the  reported  findings,  and  since  the 
experiments  performed  in  the  present  study  used  contami¬ 
nant  levels  that  were  lower  than  the  levels  used  by  Jacobv  et 
al.  [17]  and  Dibble  and  Raupp  [13],  it  is  likely  that  the 
oxidation  rates  herein  were  independent  of  oxvsen  level  for 
oxygen  levels  above  1%. 

5.2.  DMMP  oxidation  rates 

For  the  data  generated  with  the  glass-mate  reactor,  the 
oxidation  rate  was  defined  as 

r=  2A5(Xin  —  Xom)Q/A  fi, 

where  r  (p  mol/cm“  h)  is  the  oxidation  rate,  X-in  (ppmv  j  and 
^oui  (ppmv)  are  the  inlet  and  outlet  contaminant  (DMMP  or 
1-butene)  concentrations,  respectively.  Q  (1pm),  the  volu¬ 
metric  flow  rate,  and  A  (cm*),  the  area  of  the  titania-coated 
glass-plate;  the  numerical  coefficient  accounts  for  the  units 
change. 

Intrinsic  rate  determinations  were  performed  at  a  4  1pm 
flow  rate.  To  check  for  gas-side  mass-transfer  influence,  the 
flow  was  doubled  to  8  1pm.  The  subsequent  oxidation  rate 
remained  unchanged  indicating  that  the  oxidation  rates 
obtained  at  the  4  1pm  flow  were  free  of  gas-side  mass- 
transfer  influence  [19]. 
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Fig.  1.  Variance  in  photocatalvst  activity  of  separate  catalvst  slides  usin^ 
1-butene  photo-oxidation:  1.96  mW/cnr  UV;  5700  ppmv  humidity.  * 


Fig.  3.  Photo-oxidation  of  DMMP:  UVA  1.96  mW/cm2- 
5700  ppm;  48  ppm  DMMP  influent. 


water  vapor 


The  relative  fractional  change  in  the  DMMP  (or  1-butene) 
concentration  through  the  reactor  was  maintained  below  0.1 
through  the  selection  of  an  appropriate  catalyst  (slide) 
length.  This  ensured  that  the  reactor  was  beina  operated 
in  a  differential  mode  during  rate  determinations. 

In  all  photo-oxidation  experiments  the  following  protocol 
was  used:  first,  the  gas  flows  and  water  vapor  levels  were  set. 
After  the  reactor  inlet/outlet  water  vapor  levels  reached 
equilibrium,  DMMP  (or  1-butene)  was  introduced.  When 
the  mlet/outlet  DMMP  (or  1 -butene)  concentration  reached 
steady-state  and  was  of  equal  magnitude,  the  UV-lamp  was 
illuminated. 

As  discussed  below;  the  photo-oxidation  of  DMMP 
resulted  in  the  deactivation  of  the  catalyst.  As  a  result,  a 
new  titania-coated  slide  w-as  used  in  each  DMMP  experi¬ 
ment.  Prior  to  most  DMMP  experiments,  the  photo-activitv 
o  the  subject  catalyst  slide  was  first  determined  by  the 
photo-oxidation  of  1-butene  at  several  1-butene  influent 
concentrations.  A  sample  of  the  resultant  1-butene  rate 
determinations  is  shown  in  Fig.  1,  in  which  each  symbol 
^  repreSems  a  ^st^nct  allocated  for  a  subsequent 
DMMP  experiment.  A  variance  of  about  5%  in  the  relative  1- 
utene  oxidation  rate  was  found  from  all  the  slides  so  far 
examined.  Catalyst  de-activation  by  1 -butene  was  not 
observed  in  any  long-term  exposure,  as  shown,  for  example, 
ln  Fig.  2.  Importantly,  in  repeat  DMMP  experiments,  the 
ame  DMMP  result  of  oxidation  rate  dependence  with  time 


Time  (hrs) 


AButene 

-co, 

UVon 
UV  off 


Fjg. 

13.9 


2-  Stability  of  1-butene  photo-oxidation: 
Ppm  1 -butene  influent,  5500  ppm  water  vapor. 


UVA 


0.94  mW/cm*. 


was  found  whether  or  not  the  subject  catalyst  was  previously 
exposed  to  1 -butene. 

Evidence  for  DMMP  photocatalytic  oxidation  is  shown  in 
Fig.  3.  A  decrease  in  the  reactor  DMMP  effluent,  that  is.  a 
negative  DMMP  differential  change  (ADMMP  in  Fis  3) 
through  the  reactor,  was  seen  after  the  UV-lamp  was  Illu¬ 
minated.  Concomitant  with  the  decrease  in  DMMP  concen¬ 
tration  was  the  appearance  of  C02  and  CO.  After  the  UV- 
lamp  was  extinguished,  ADMMP,  C02,  and  CO  returned  to 
zero.  The  appearance  of  ADMMP  when  the  UV-lamp  was 
illuminated  was  interpreted  as  a  photo-oxidation  process.  A 
carbon  balance  of  the  moment  the  UV-lamp  was  extin¬ 
guished  indicated  that  only  about  20%  of  the  carbon  was 
being  released  as  gas-phase  C02  and  CO. 

At  a  relatively  high  UV-irradiation,  a  high  initial  rate  of 
catalyst  de-activation  was  seen  following  the  activation  of 
the  UV-lamp,  but  which  decreased  as  the  influent  DMMP 
was  decreased  (Fig.  4(A)).  At  the  highest  DMMP  inlet 
concentrations  in  Fig.  4,  catalyst  de-activation  was  evident 
when  the  UV-exposure  was  observed  over  a  time  interval  as 
short  as  a  few  hours  following  the  activation  of  the  UV-lamp. 
At  a  lower  UV-irradiation,  the  catalyst  de-activation  rate  was 
also  lowered  (Fig.  4(B)). 

The  oxidation  rate,  defined  by  Eq.  (1),  was  considered 
meaningful  when  the  adsorbate,  DMMP,  was  in  equilibrium 
with  its  gas-phase.  If  the  oxidation  process  had  reached  a 
steady-state,  then  such  a  state  of  equilibrium  would  indeed 
exist.  If  stringently  applied,  the  requirement  of  a  state  of 
equilibrium  was  not  reached  with  DMMP,  since  the  oxida¬ 
tion  of  DMMP  de-activated  the  titania  catalyst.  However,  if 
the  rate  of  catalyst  de-activation  was  sufficiently  slow,  then  a 
pseudo  steady-state  of  equilibrium  may  be  envisioned  to 
exist,  and  the  oxidation  rates  may  then  be  considered 
dependent,  as  an  approximation,  on  the  attendant  DMMP 
gas-phase  concentration. 

The  photocatalytic  oxidation  of  gaseous  contaminants  on 
titania  was  shown  to  follow  Lagmuir-Hinshelwood  (L-H) 
kinetics  in  many  studies  [16,18.20-24],  L-H  kinetics 
expresses  a  dependent  relationship  between  the  oxidation 
rate  of  a  contaminant  and  its  attendant  gas-phase  concen¬ 
tration.  and  furthermore,  requires  that  a  state  of  equilibrium 
exists  between  the  adsorbate  (i.e..  contaminant)  and  its  gas- 
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Fig.  4.  Influence  of  DMMP  concentration  on  catalyst  de-activation  fUV- 
lamp  activated  at  Oh):  (A)  l.96mW/cm~  UV,  5700  ppmv  humiditv;  (B) 
0.94  mW/cm2  UV,  5600  ppmv  humidity. 
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Fig.  6.  Influence  of  UVA  irradiation  on  DMMP  initial  oxidation  rate: 
S.l  ppmv  DMMP  inlet,  6000  ppmv  water  vapor. 

possible  to  also  include  the  highest  DMMP  concentration, 
and  it  may  be  the  result  of  not  having  achieved  the  pseudo 
steady-state  condition,  as  discussed  above. 

The  influence  of  UV-irradiation  on  DMMP  initial  oxida¬ 
tion  rate  is  shown  in  Fig.  6.  A  low  DMMP  inlet  concentra¬ 
tion  was  used  so  that  a  pseudo  steady-state  rate  could  be 
established.  The  functional  dependence  of  the  oxidation  rate 
on  UV-  intensity  is  well  established  both  experimentally  and 
theoretically  [18,24,26],  that  is,  UV-intensity  raised  to  a 
power.  The  result  (exponent  in  Fig.  6)  is  in  agreement  with 
those  found  by  others  [22,27]  under  similar  UV-intensities. 


phase  [25],  To  examine  if  the  DMMP  rate  data  followed  a  L- 
H  rate  form,  an  initial  oxidation  rate,  defined  herein  as  the 
highest  measured  oxidation  rate  at  a  given  influent  DMMP 
concentration,  was  used  for  the  dependent  variable. 

A  pseudo  steady-state  condition  was  likely  to  be  achieved 
in  Fig.  4(B)  and  for  the  lowest  DMMP  concentration  in 
Fig.  4(A).  The  existence  of  a  pseudo  steady-state  may  not 
have  been  reached  for  the  two  highest  DMMP  concentra¬ 
tions  in  Fig.  4(A),  and  subsequently,  the  initial  oxidation 
rate,  as  a  pseudo  steady-state  oxidation  rate,  would  be  poorly 
determined.  The  initial  oxidation  rates  computed  from  the 
data  in  Fig.  4  are  shown  in  Fig.  5.  Included  in  Fis.  5,  was  a 
fit  to  a  unimolecular  L-H  rate  form  [25]  for  the  low  UV- 
irradiation  (0.94  mW/cm2)  case.  An  adequate  L-H  fit  was 
possible  through  the  lower  DMMP  concentrations.  It  was  not 


DMMP  inlet  concentration  (ppmv) 

Fig.  5.  Influence  of  DMMP  concentration  on  DMMP  initial  oxidation  rate: 
*•>  0-94  mW/cm 2  UV;  (Q)  1.96mW/cm:  UV;  all  data  at  5700  ppmv 
humidiry. 


j  J.  Regeneration  of  depleted  titania 

One  of  the  most  interesting  results  of  our  study  is  that  a 
de-activated  titania  catalyst  may  be  easily  regenerated  by 
washing  with  water  or  by  subjecting  the  catalyst  in  situ  to 
UV-light  in  the  absence  of  DMMP.  The  effect  of  these  two 
regeneration  strategies  is  shown  in  Fig.  7.  The  data  shown  in 
Fig.  7  wus  generated  in  a  particular  chronological  order. 
First,  a  recently  titania-  coated  slide  was  exposed  to  UV- 
illumination,  following  the  stated  experimental  protocol, 
and  allowed  to  de-activate  (Fig.  7(A)).  Next,  the  slide 
was  exposed  in  situ  to  UV-light  for  12  h  in  the  absence 
of  DMMP.  Following  this  re-conditioning  period,  the  slide 
was  once  again  exposed  to  DMMP  (Fig.  7(B)).  By  compar¬ 
ing  Fig.  7((A)  and  (B))  some  catalyst  rejuvenation  wras 
achieved.  This  rejuvenation  most  likely  resulted  from  oxi¬ 
dation  of  adsorbed  DMMP  and  photodesorption  of  the 
adsorbed  intermediates  during  the  reconditioning  period. 
The  presence  of  adsorbed  intermediates  has  been  suspected 
to  be  a  root  cause  of  the  titania  catalyst  deactivation  [22]. 
The  slide  was  then  kept  in  the  dark  for  12  h  in  the  absence  of 
DMMP  as  another  potential  rejuvenation  means.  Following 
this  reconditioning  period,  the  slide  was  once  again  exposed 
to  DMMP  (Fig.  7(C)).  A  comparison  of  Fig.  7((B)and  (C)), 
indicated  that  catalyst  rejuvenation  was  not  achieved,  how¬ 
ever.  Next,  the  slide  was  removed,  washed  in  distilled  water 
(sequentially  dipped  in  four  fresh  cylinders  of  distilled  water 
and  dried  at  approximately  35' C  for  roughly  10  min),  and 
returned  to  the  reactor.  The  slide  was  once  again  exposed  to 
DMMP  (Fig.  7(D)).  A  comparison  of  Fig.  7((A)  and  (D)) 
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Time  (hrs) 


Fig.  /.  Effect  of  cataJyst  regeneration  strategies:  water  vapor  5700  ppm, 
60  ppm  DMMP  influent;  fAj  initial  exposure,  UVA  0.94  mW/cm2;  (B)  re¬ 
condition  by  12  h  with  UVA  on.  DMMP  off;  (C)  re-condition  by  12  h  in 
the  dark.  DMMP  off:  (D)  re-condition  by  water  wash. 

indicated  that  catalyst  rejuvenation  was  again  achieved.  The 
water  wash  and  the  UV-exposure  rejuvenation  strategies 
were  repeated,  but  instead  of  exposing  the  catalyst  to  DMMP 
as  a  test  for  rejuvenation,  the  catalyst  was  exposed  to  1- 
butene  and  UV-illumination.  The  crucial  comparison  was 
between  the  oxidation  rate  of  1-butene  determined  on  a  new 
titania-coated  slide  against  the  oxidation  rate  of  1 -butene  on 
the  supposed  rejuvenated  slide.  Again,  the  water  wash 
strategy  was  found  to  completely  rejuvenate  the  catalyst, 
while  a  2  h  exposure  to  UV-irradiation  was  found  to  partially 
rejuvenate  the  catalyst. 

^The  washing  of  titania  with  water,  as  opposed  to  drying  at 
35  C,  is  believed  to  be  responsible  for  rejuvenating  the 
catalyst.  Previous  studies  have  shown  that  temperatures 
greater  than  100cC  are  required  to  remove  adsorbed  water 
from  the  surface  of  titania  [28].  This  is  due  to  the  fact  that  the 
surface  of  the  titania  in  a  humid  environment  is  hvdroxvlated 
and  contains  adsorbed  water  and  hydroxyl  groups.  Water 
strongly  adsorbs  on  the  hydroxylated  titania  surface  via 
ydrogen  bonding  to  surface  hydroxyl  groups  [28].  Other 
^olecules  that  are  also  strongly  bonded  to  the  surface 
.v  roxyl  groups  of  hydroxylated  anatase  and  rutile,  via 
pm  °^en  Ending,  include  phenol,  ammonia  and  pyridine 
r~  '  Virion,  adsorption  on  a  dehydroxylated  site  can 
^  1U  1  *n  *rreversible  chemisorption  [30].  Creation  of  a 
e  ydroxylated  site  can  result  from  the  oxidation  reaction 
*  In  the  case  of  DMMP,  methyl  phosphonic  acid  and 


phosphate,  strong  adsorption  to  the  hydroxylated  titania 
surface  may  take  place  via  the  phosphorus  atom,  and/or 
via  the  oxygen  atom  of  either  methoxy  or  hydroxyl  sroups. 
The  low  vapor  pressures  of  these  compounds  also  suggests 
that  they  remain  on  the  de-activated  catalyst  during  thebrief, 
low  temperature  drying  process. 


3.4.  Reaction  pathways 


1  he  molecular  structures  of  the  nerve  gas  sarin  (GB)  and 
the  simulant  DMMP  are  shown  below. 


rr  c'  l^OCH, 
H>C  OCH,  3 


CH3  A 

>-o/["och3 
ch3'h  f 


DMMP  Sarin 

The  decomposition  of  DMMP  compared  to  nerve  gas  is 
predicted  to  be  more  difficult  due  to  the  absence  of  fluorine 
atoms  which  may  act  as  a  better  leaving  group  than  methyl 
or  methoxy  radicals. 

Several  recent  studies  in  the  literature  are  relevant  to  the 
results  we  report  here  [9-15].  Tanaka  and  co-workers,  for 
example,  have  recently  investigated  the  photocatalytic 
degradation  of  the  insecticides  DDVP  (dimethyl-2,2- 
dichlorovinvl  phosphate)  and  DEP  (dimethyl-2,2,2-txi- 
chloro-  1-hvdroxyethyl  phosphonate)  in  aqueous  suspen¬ 
sions  of  Ti02  [14].  The  main  products  observed  were  Cl“ 
and  P04  ,  with  formaldehyde  as  an  intermediate  that 
disappeared  under  further  reaction.  In  a  study  by  Fox  and 
co- workers  [13],  butylphosphonic  acid,  benzylphosphonic 
acid  and  phenylphosphonic  acid  were  decomposed  in  aqu¬ 
eous  Ti02  suspensions.  Kinetic  data  were  found  to  be 
consistent  with  a  Langmuir-Hinshelwood  model  [13]. 

According  to  the  generally  reported  mechanism  for 
photocatalytic  decomposition  using  Ti02,  irradiation  of 
Ti02  promotes  a  valence  band  electron  to  the  conduction 
band  ([13,26]  and  references  therein).  This  results  in  a 
conduction  band  electron  (ec  )  available  for  reducing  spe¬ 
cies  on  the  surface  of  the  semiconductor,  and  a  valence  band 
hole  (hv  )  capable  of  oxidizing  species  adsorbed  on  the 
substrate.  The  actual  mechanism  of  oxidation/reduction,  is 
believed  to  involve  the  production  of  superoxide  anions  and 
hydroxide  radicals  as  shown  in  Eqs.  (3)  and  (4). 

Ti02  *r  hu  —  e~  -f-  h~  (p ) 

e~  -r02  —  OJ  (3) 

K  +  H;0  -  H"  t"  IOH  (4) 


The  conduction  band  electron,  ec  ,  is  believed  to  be  trapped 
by  adsorbed  0:  to  form  a  superoxide  ion  (Eq.  (3)).  The 
valence  band  hole,  h v  \  may  be  trapped  by  H;0  to  form  OH 
radicals;  or  by  an  adsorbed  organic  (e.g.,  DMMP  or  pho- 
phonate  intermediates)  as  discussed  in  the  literature 
[13.31,32], 

In  Fox  s  study  [lj],  evidence  was  found  for  cleavage  of 
the  carbon— phosphorus  bond  and  a  postulated  mechanistic 
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route  was  reported  as  shown  in  Eq.  (5). 
*-CH2-P(=0)(0H),  +  H:0  +  h; 

-*-CH;-tHjiP04  +  H-  (5; 

The  benzyl  radical  was  found  to  be  an  intermediate  for  the 
observed  species  (j>-CH:OH,  <j)-CHO,  and  <f)-CH:CHH).  In 
our  study,  we  believe  that  the  more  common  route  of  P-0 
cleavage  occurs  before  eventual  P-C  cleavage.  This  is  due  to 
the  observance  of  methyl  phosphonic  acid,  CH;- 


Hydrogen  Abstraction 
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P(=0)(0H)(0CH3).  We  also  observed  phosphate  (POa3“) 
and  C02,  indicative  of  complete  oxidation  of  DMMP. 

In  addition  to  direct  oxidation  by  valence  band  holes  as 
discussed  above,  hydroxyl  radical  attack  provides  another 
oxidation  pathway  for  DMMP.  The  primary  mechanisms  for 
the  photocatalytic  oxidation  of  DMMP  via  hydroxyl  radical 
attack,  are  hydrogen  abstraction  and  addition-elimination 
[11].  Further  oxidation  to  produce  C0/C02  and  H20  from 
methanol  and  formaldehyde  is  anticipated  as  a  result  of  the 
high  reactivity  of  these  compounds  on  titania.  A  previous 
investigation  of  the  photocatalytic  oxidation  of  DMMP  in  an 
aqueous  solution  of  titania  [11]  found  that  methanol  was  not 
observed,  thereby  suggesting  that  the  addition-elimination 
mechanism  is  not  significant  under  aqueous  conditions.  It  is 
not  possible  at  this  time,  to  determine  the  importance  of  the 
hydroxyl  radical  mechanism  as  compared  to  the  direct 
valence  hole  mechanism. 

In  our  investigation,  complete  conversion  of  any  methanol 
or  formaldehyde  that  may  be  formed,  to  produce  CO^  and 
CO  appears  to  be  the  dominant  reaction.  Phosphates  remain 
on  the  surface  along  with  methyl  phosphonic  acid  which 
retains  a  portion  of  the  carbon  content  of  DMMP,  thereby 


explaining  the  mass  balance  discrepancy  based  on  gas-phase 
CO:/CO  alone.  In  contrast  with  the  liquid-phase  study  [11] 
we  have  detected  methyl  formate  (HCOOCH3).  Although, 
methyl  formate  may  be  formed  directly  on  theTiO:  surface 
another  possibility  is  the  formation  of  methanol  and  formic 
acid  which  react  readily  to  give  methyl  formate.  We  also 
observed  methanol  from  a  GC  analysis  of  cold-trap  con¬ 
stituents.  The  identification  was  based  on  the  comparison  of 
retention  time  with  a  methanol  standard. 


HC'^OCH^OH 
3  OCH3  * 
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To  investigate  the  formation  of  methyl  formate,  we 
injected  a  mixed  gas-phase  sample  of  formic  acid  and 
methanol  into  the  GC-MS.  The  standard  protocol  of 
cryo-trapping  to  increase  sensitivity  was  employed,  and  a 
GC-MS  peak  corresponding  to  methyl  formate  was 
observed.  Therefore,  any  gas-phase  methanol  and 
formic  acid  may  react  during  the  process  of  detection 
via  the  GC-MS.  In  addition,  methyl  formate  may  be 
synthesized  in  the  cold-trap  during  the  process  of  collect¬ 
ing  products  from  the  titania  reactor.  It  should  also  be 
noted  that  in  the  study  of  liquid-phase  DMMP  decomposi¬ 
tion  on  titania,  formic  acid  was  detected  as  an  intermediate, 
w’hile  neither  methanol  nor  methyl  formate  were  reported 
[11].  In  contrast  to  the  liquid-phase  study  which  followed 
the  accumulation  of  products  over  several  days  in  a  closed 
reactor  [11],  our  reactor  was  not  a  batch  system.  The 
distribution  of  reactants,  intermediates  and  products  in 
equilibrium  would  therefore  be  different  in  both  cases.  It 
is  also  clear  that  in  aqueous  solution  the  role  of  w'ater, 
acidity  and  basicity,  and  the  ability  to  strip  organic/inorganic 
phosphates  from  the  surface  of  the  catalyst,  play  a  critical 
role. 
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4.  Conclusions 

In  conclusion,  we  have  determined  the  intrinsic  rates  for 
the  photocatalytic  decomposition  of  gas-phase  DMMP  on 
titania  at  room  temperature.  The  products  we  detected  were 
carbon  dioxide,  carbon  monoxide,  methylphosphonic  acid 
and  phosphate.  There  also  appears  to  be  methanol  and 
methyl  formate;  the  latter  most  probably  originates  from 
the  reaction  of  methanol  and  formic  acid.  Finally,  we  have 
determined  that  washing  of  de-activated  catalyst  with  water 
is  sufficient  for  complete  regeneration  of  the  catalyst  with 
respect  to  both  DMMP  and  butene  reactivity.  The  solubility 
of  methyl  phosphonic  acid  and  phosphates  in  water  aids  in 
removing  these  species  from  catalytically  active  sites. 
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The  gas-phase  decomposition  of  dimethyl  methylphosphonate  (DMMP)  has  been  studied 
over  amorphous  manganese  oxide  (AMO)  catalysts  in  the  presence  of  light  (~200-800  nm). 
The  reaction  was  studied  under  oxidizing  conditions  using  air  at  low  temperatures  (40-70 
6C).  DMMP  and  gas-phase  products  were  studied  using  gas  chromatography  (GC).  DMMP 
was  found  to  adsorb  strongly  to  the  AMO  surface  and  produce  small  amounts  of  methanol 
(MeOH)  even  in  the  absence  of  light.  When  AMO  was  irradiated  with  light  of  ~200-800 
nm,  large  amounts  of  MeOH  and  C02  were  initially  formed.  Following  the  initial  period  of 
high  activity,  strong  deactivation  was  observed.  After  the  reactions  were  performed,  aqueous 
extracts  from  spent  AMO  were  analyzed  using  ion  chromatography  (IC).  The  IC ’analyses 
indicated  that  several  products  accumulate  on  the  AMO  surface.  These  products  include 
methyl  methylphosphonate  (MMP)  and  methylphosphonic  acid  (MPA).  Greater  amounts  of 
MMP  and  MPA  are  produced  after  irradiation.  Fourier  transform  infrared  (FTIR)  spectros¬ 
copy  was  used  to  examine  adsorbed  DMMP  species  on  spent  AMO.  The  IR  results  indicate 
that  DMMP  bonds  to  Mn  Lewis  acid  sites  on'the  AMO  surface  via  the  phosphoryl  oxygen. 
On  the  basis  of  these  results  a  mechanism  is  proposed  for  the  adsorption  and  photoassisted 
decomposition  of  DMMP  over  AMO. 


I.  Introduction 

There  is  current  interest  in  developing  new  methods 
to  safely  destroy  chemical  warfare  agents  (CWAs).  Such 
materials  consist  of  extremely  toxic  organophosphorus 
nerve  and  blistering  agents,  including  Soman  (GD), 
Sarin  (GB),  and  VX.  The  testing  of  CWAs  in  the 
laboratory  is  quite  hazardous;  therefore,  studies  are 
typically  done  using  nontoxic  simulants  such  as  di¬ 
methyl  methylphosphonate  (DMMP). 1-11  The  structure 
of  DMMP  is  shown  in  Figure  1.  DMMP  is  a  liquid  at 
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Figure  1.  Structures  of  dimethyl  methylphosphonate  (DMMP), 
methyl  methylphosphonate  (MMP),  and  methvlphosphonic 
acid  (MPA). 

29SK.  having  a  low  vapor  pressure  (1.05  Torr).1  The 
P—O  and  P— C  bonds  in  DMMP  are  less  reactive  than 
P-F  bonds  in  actual  nerve  agents.  Therefore,  the  use 
of  DMMP  can  provide  a  good  measure  for  monitoring 
the  effectiveness  of  methods  to  degrade  CWAs.2 

An  important  area  recently  investigated  for  CWA 
decomposition  is  catalytic  oxidation  using  metals  and 
metal  oxides.  Early  studies  have  examined  the 
adsorption  and  reaction  of  DMMP  vapor  with  surfaces 
of  metals,  including  Mo(lll)  ,3  Pt(lll),4  Pd(lll),5  and 
IsiGU),5  and  with  metal  oxides  such  as  AI2O3,7  SiOo,8 
Fe203,8-9'1!  MgO,11  and  La203.n  More  recently,  the 
catalytic  oxidation  of  DMMP  has  been  studied  using  Pt ! 
AI2O3,1  Pt/TiCVcordierite,12  and  Cu-substituted  hy¬ 
droxyapatite6  using  temperatures  between  150  and  500 


(10)  Ekerdt,  J.  G.;  Klabundc.  K.  J.;  Shapley,  J.  R.;  White,  J.  M.;  J. 
T.,  Jr.  J.  Phys.  Chem.  1988.  92,  6182-6188. 

(11)  Mitchell,  M.  B.;  Sheinker,  V.  NV  Mintz  E  A  J  Phvs.  Chem. 

B.  1997,  101,  11192-11203.  ’ 


©  1999  American  Chemical  Society 
Published  on  Web  06/lL/1999 


IQS 6  ,  Chcm.  Mater.,  VoL  11,  A’a  7,  1909 


JC.  In  these  recent  studies, 1,6,12  high  DMMP  conversions 
were  observed  at  the  beginning  of  the  reactions,  with 
CO'>  and  H^O  as  major  products.  Catalyst  deactivation 
due  to  adsorbed  phosphate  species  then  occurs,  and 
methanol  was  often  observed.  No  P-containing  products 
were  observed  in  the  gas  phase.  HPLC  analyses  of  the 
spent  catalysts  or  condensates  at  the  ends  of  the  reactor 
showed  the  presence  of  partial  DMMP  decomposition 
products,  such  as  dimethyl  phosphate,  monomethyi 
phosphate,  methyl  methvlphosphonate,  methylphospho- 
nic  acid,  and  phosphoric  acid.1 

Another  method  currently  being  investigated  for  CW  A 
decomposition  is  photocatalytic  oxidation. “,1,J  Oxidative 
photocatalysis  has  been  shown  to  be  effective  tor  de¬ 
composing  a  wide  range  of  toxic  organic  pollutants, ^ 
typically  using  TiCK  The  advantages  of  this  technique 
are  that  benign  products  such  as  CCk  and  H2O  can  be 
produced,  and  high  temperatures  can  be  avoided.  An¬ 
other  advantage  of  using  photocatalysis  is  that  it  may 
be  possible  to  utilise  solar  energy  for  reactions. 

Many  researchers  have  investigated  the  photocata¬ 
lytic  decomposition  of  organophosphorus  compounds,15 
with  several  studies  examining  the  photocatalytic  de¬ 
composition  of  DMMP.2*13  In  these  studies,  DMM?  was 
photocatalvtically  decomposed  in  aqueous  suspensions 
of  TiCk.  Major  products  included  phosphoric  acid  and 
COo,  with  intermediates  such  as  methylphosphonic  acid, 
formic  acid,  and  formaldehyde  being  observed.  The 
researchers  proposed  that  DMMP  is  degraded  through 
hydroxyl  radical-mediated  pathways.2  Recently,  the  gas- 
phase  photocatalytic  decomposition  of  DMMP  was  stud¬ 
ied  over  TiOo  films.22  In  this  study,  the  major  products 
were  CO  and  CO2  in  the  gas  phase,  and  MPA  and  POp” 
on  the  catalyst.  Deactivation  was  observed  due  to  the 
buildup  of  the  P-containing  species  on  the  catalyst.-- 

Our  research  group  has  been  interested  in  heteroge¬ 
neous  photocatalytic  oxidation  reactions  using  manga¬ 
nese  oxide  catalysts.  1S“20  Several  gas— solid  reactions 
have  been  studied  including  the  oxidation  of  2-propanol 
to  acetone,18  and  the  total  oxidation  of  methyl  halides 
to  COo.19  The  best  catalysts  were  found  to  be  mixed- 
valent  amorphous  manganese  oxides  (AMO),  prepared 
by  the  reduction  of  KMnCk  with  oxalic  acid.18  -°  The 
high  photocatalytic  activity  of  AMO  is  due  to  the  ease 
with  which  lattice  oxygen  is  readily  desorbed.20  In  this 
work,  we  have  examined  gaseous  reactions  of  DMMP 
over  AMO  in  air.  Emphasis  has  been  placed  on  deter¬ 
mining  reaction  products,  examining  the  role  of  light. 
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and  studying  catalyst  deactivation.  Finally,  a  mecna- 
nism  is  proposed  to  explain  the  interaction  of  DMMP 
with  AMO. 


II.  Experimental  Section 

A  Preparation  of  Materials.  AMO  was  prepared  by  a 
redox  reaction  invoking  the  reduction  of  KMnO.*  with  oxalic 
acid.  A  solution  containing  1.58  gof  KMn04  (Aldrich.  Milwau¬ 
kee,  Wis.)  in  100  mL  of  distilled  deionized  water  (DDW)  was 
nLxed  with  a  solution  containing  2.26  g  of  oxalic  acid  (Fisher, 
Fair  Lawn,  NJ )  in  100  mL  of  DDW.  The  solution  was  allowed 
:o  mix  for  several  hours,  which  then  yielded  a  dark  brownisn- 
biack  precipitate.  The  solid  was  filtered  and  washed  with  DDW 
several  times  and  then  dried  in  an  oven  at  110  °C  overnight. 
Prior  to  catalytic  reactions,  the  AMO  was  ground  using  a 
mortar  and  pestle.  DMMP  was  purchased  from  Aldrich  and 
was  used  without  further  purification. 

B.  Catalytic  Studies.  A  schematic  diagram  for  the  het¬ 
erogeneous  photocatalytic  reactor  system  is  shown  in  £  igure 
2.  A  1000-W  Xe  arc  lamp  (Kratos,  Schoeffel  Instruments,  model 
L?S  255HR  Power  Supply  and  LH  151  N  lamp  housing, 
Westwood,  NJ)  was  used  as  the  light  source.  No  filters  were 
used;  therefore,  radiation  from  the  lamp  spanned  over  the 
entire  ultraviolet  and  visible  range  (~200—S00  nm).  A  water 
bottle  was  placed  between  the  light  source  and  the  reactor  to 
remove  heat  and  infrared  radiation.  Ar  was  used  as  the 
oxidant  and  was  passed  through  a  bubbler  containing  liquid 
DMMP,  which  was  kept  in  a  water  bath  at  25  °C.  The  flow 
rate  of  air  was  30  mL/min.  Under  these  conditions,  the  inlet 
DMMP  concentration  is  M).14  mol  %.  The  gas  was  then  passed 
through  a  stainless  steel  reactor  containing  a  thin  layer  (50 
mg)  of  catalyst  on  a  Gelman  Sciences  glass  fiber  filter.  The 
reactor  temperature  was  kept  at  40  °C,  and  the  outlet  lines 
were  heated  to  110  °C  to  prevent  condensation  of  DMMP  and 
other  products. 

Temperature  measurements  made  inside  the  reactor  indi¬ 
cate  that  the  lamp  causes  the  temperature  to  increase  to  70 
5C  at  the  surface  of  AMO.  These  measurements  were  made 
by  loading  AMO  into  the  photoreactor.  A  small  hole  was  made 
in  the  glass  fiber  filter.  A  narrow  thermocouple  wire  was  then 
directed  up  from  the  bottom  of  the  photoreactor  through  the. 
hole  in  the  filter  such  that  the  tip  was  risible  from  the  top  of 
the  reactor  and  surrounded  by  AMO. 

C.  GC  Analyses.  Reactants  and  products  were  analyzed 
using  a  Hewlett-Packard  5890  series  I  gas  chromatograph 
equipped  with  an  automatic  gas-sampling  valve.  A  Carbowax 
20M  capillary  column  with  flame  ionization  detection  was  used 
to  analyze  for  DMM?  and  methanol.  CO2  was  analyzed  using 
a  GSC  Gas  Pro  capillary  column  with  thermal  conductivity 
detection.  Calibration  curves  for  methanol  and  CO2  were 
prepared  from  gas  standards  prepared  in  our  laboratories. 

D.  FTIR  Analyses.  Fourier  transform  infrared  (FTIR) 
spectroscopy  (Nicolet  Magna-IR  750)  was  used  to  examine 
surface  species  on  the  catalysts  after  reaction.  A  DTGS 
detector  with  a  KBr  beam  splitter  was  used  for  analysis  over 
the  entire  mid-IR  range  (4000-400  cm-1).  The  AMO  samples 
were  pressed  into  KBr  pellets  (2.5 To  AMO  by  weight),  and 
transmission  spectra  were  collected. 

E.  Extraction  Analyses  of  Spent  AMO.  Soxhlet  extrac¬ 
tions  of  spent  AMO  were  performed  in  CHCI3  and  used  for 
analysis  of  adsorbed  DMMP  on  AMO.  The  extracts  were 
examined  using  GC  analyses.  Aqueous  extractions  of  AMO 
after  DMMP  reactions  were  used  to  identify  methylphosphonic 
acid  (MPA),  methyl  methvlphosphonate  (MMP)  and  phos¬ 
phates  (POP").  The  structures  of  MPA  and  MMP  are  shown 
in  Figure  1.  The  aqueous  extracts  were  prepared  by  placing 
the  spent  AMO  in  K20  and  treating  it  with  ultrasound  for  10 
min.  The  solution  was  filtered  through  0.22  uni  filters  and 
analyzed  using  a  Dionex  DX  500  ion  chromatograph  (IC) 
equipped  with  a  CD  20  conductivity  detector  and  a  Dionex 
AS4A-SC  anion  exchange  column.  The  eluent  used  was  1.8  mM 
Na-jCOy  1.7  mM  NaHCO:>  buffer  (approximate  pH  =  10). 
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Figure  2.  Experimental  set-up  used  for  photoreactions. 

To  confirm  the  presence  of  MPA  and  MMP  in  the  IC 
analyses,  standards  were  prepared  and  retention  times  were 
established.  MPA  was  available  commercially  (Aldrich),  whereas 
MMP  needed  to  be  synthesized  in  our  laboratories.  MMP  was 
prepared  according  to  literature  procedures  by  partial  hy¬ 
drolysis  of  DMMP  in  aqueous  NaOH  solution.7  In  this  proce¬ 
dure,  0.140  mol  of  DMMP  was  added  to  150  mL  of  a  10% 
NaOH  solution,  and  refluxed  gently  for  5  h.  The  solution  was 
cooled  slowly  and  acidified  to  pH  =  2  with  concentrated  HCL 
The  solution  was  vacuum-distilled  until  a  NaCl  precipitate  was 
observed  in  the  distillation  flask.  The  mixture  was  extracted 
several  times  with  acetone  and  then  filtered.  The  acetone 
extract  was  dried  over  CaS04  for  several  hours.  The  extract 
was  refiltered  and  placed  in  a  rotovap  until  —15-20  mL  of 
liquid  remained.  The  sample  was  vacuum  distilled,  and  a 
distillate  was  collected  almost  immediately.  This  distillation 
was  necessary  to  remove  trace  amounts  of  acetone  in  the 
mixture.  Following  several  more  minutes  of  distillation,  a 
small  amount  of  liquid  (—1  mL)  was  observed  in  the  receiving 
flask.  The  liquid  was  identified  as  MMP  and  was  confirmed 
by  !H  NMR  studies.21 

III.  Results 

A.  AMO  Preparation.  The  redox  reaction  between 
XMn04  and  oxalic  acid  leads  to  the  precipitation  of 
fdVIO,  which  after  drying  has  a  composition  of  Ko.6- 
Mno.930o.2°  The  average  Mn  oxidation  state  in  AMO  has 
been  determined  to  be  3.5— 3.6,  indicating  that  Mn 
exists  in  mixed  valencies,  most  likely  a  mixture  of  3^ 
and  4+,  with  some  2+.20  Powder  X-ray  diffraction  pat¬ 
terns  for  AMO  show  no  peaks,  indicating  that  the 
material  is  amorphous.  Pore  size  distribution  measure¬ 
ments  show  that  AMO  is  a  porous  material,  having  a 
surface  area  of  200  ±  10  m2/g.19 

Combustion  analyses  indicate  that  trace  amounts  of 
carbon  (0.17%)  exist  in  AMO.  In  the  preparation  of 
AMO,  oxalic  acid  is  oxidized  to  C02  and  water,  while 

permanganate  ion  is  reduced.  Due  to  the  vigorous 
nature  of  the  reaction,  some  CO2  becomes  entrapped  in 
the  pores  of  the  solid.  The  C02  may  also  be  derived  from 
unreacted  oxalic  acid  remaining  in  the  material.18  This 
ecame  apparent  as  C02  was  initially  detected  when 


passing  air  over  illuminated  AMO.  After  a  short  period 
of  time,  the  C02  would  decrease.  Therefore,  prior  to  each 
experiment,  air  was  passed  over  AMO  under  illumina¬ 
tion  to  remove  or  desorb  any  C02  originating  from  the 
catalyst.  After  30  min,  no  C02  was  detected  during 
photodesorption  of  AMO. 

B.  DMMP  Reactions  over  AMO.  DMMP  reactions 
run  in  the  absence  of  AMO  indicate  that  no  DMMP 
decomposition  occurs  when  irradiated  with  light.  DMMP 
reactions  over  AMO  were  typically  run  over  time  periods 
of  about  5  h.  Figure  3  a  shows  the  fate  of  DMMP  as  a 
function  of  time.  In  the  first  131  min,  the  reaction  was 
performed  under  dark  conditions.  This  was  done  be¬ 
cause  it  was  found  that  DMMP  adsorbs  on  AMO  in  the 
dark.  Therefore,  it  was  necessary  to  allow  the  DMMP 
to  adsorb  in  the  dark  until  the  surface  was  saturated 
and  the  inlet  and  outlet  DMMP  concentrations  became 
equal.  After  this  time,  the  lamp  was  turned  on  and  the 
reaction  was  allowed  to  continue  for  another  141  min. 
The  results  show  that  under  dark  conditions,  the 
concentration  of  DMMP  initially  decreases  to  -17%  of 
the  original  concentration,  then  climbs  slowly  back  to 
the  inlet  concentration  after  2  h.  When  the  lamp  is 
turned  on,  the  DMMP  concentration  increases  to  over 
three  times  the  original  concentration  and  then  quickly 
falls  back  to  the  original  inlet  concentration  where  it 
levels  off.  All  runs  were  duplicated  several  times  with 
fresh  AMO  to  ensure  reproducibility. 

The  chromatographic  results  using  flame  ionization 
detection  also  showed  the  presence  of  another  peak, 
which  was  identified  as  methanol.  Figure  3b  shows  the 
production  of  methanol  (MeOH)  as  a  function  of  time 
during  DMMP  reactions.  Under  dark  conditions,  small 
amounts  of  MeOH  were  produced,  starting  after  40  min 
of  reaction.  The  average  MeOH  concentration  during 
this  portion  of  the  reaction  was  -1.2  x  10"3  mol  %. 
When  the  lamp  was  switched  on,  the  MeOH  concentra¬ 
tion  increased  dramatically  to  3.33  x  10"2  mol  %.  The 
MeOH  concentration  then  quickly  decreased  to  5.0  x 
10"3  mol  %,  where  it  slowly  leveled  off. 
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Figure  3.  (a)  Fate  of  DMMP  vs  time  over  AMO  in  photore¬ 
actions,  (b)  production  of  MEOH  vs  time  over  AMO  in 
photoreactions,  and  (c)  production  of  CO2  vs  time  over  AMO 
in  photoreactions.  Reaction  conditions:  50  mg  AMO,  air  flow 
rate  =  30  mL/min,  lamp  power  =  450  W. 

Another  product  that  formed  during  the  DMMP 
reactions  was  CO2.  Figure  3c  shows  the  formation  of 
CO2  during  DMMP  reactions.  We  do  not  see  evidence 
of  CO2  formation  under  dark  conditions.  Some  CO2 
peaks  were  observed  toward  the  beginning  of  the 
reaction;  presumably  from  noise  or  trace  amounts  of  CO2 
remaining  in  the  AMO.  After  the  light  was  turned  on 
there  was  a  large  increase  in  the  CO2  concentration, 
corresponding  to  0.196  mol  %.  The  concentration  of  CO2 
then  quickly  dropped  to  0.017  mol  %,  where  it  remained 
fairly  steady.  At  these  low  CO2  concentrations,  the 
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Figure  4.  (a)  Fate  of  DMMP  vs  time  over  AMO  in  thermal 
studies  and  (b)  production  of  MeOH  vs  time  over  AMO  in 
thermal  studies.  Reaction  conditions:  50  mg  AMO,  air  flow 
rate  =  30  mL/min,  0-131  min  =  dark  40  °C,  132-272  min  = 
dark,  70  °C. 

analysis  becomes  somewhat  difficult  as  the  detection 
limit  is  approached. 

C.  Temperature  Effects.  Temperature  measure¬ 
ments  made  inside  the  photoreactor  indicate  that  light 
causes  the  temperature  at  the  surface  of  AMO  to 
increase  to  70  °C.  Since  it  is  known  that  DMMP  can 
decompose  at  high  temperatures  over  metal  oxides, 
experiments  were  performed  under  dark  conditions  at 
70  °C  to  determine  the  thermal  effects  from  light.  In 
these  experiments,  the  reaction  was  first  run  for  130 
min  in  the  dark  at  40  °C.  After  this  time,  the  temper¬ 
ature  was  increased  to  70  °C  (by  flowing  hot  water 
through  a  heating/cooling  jacket  outside  the  reactor). 
The  reaction  was  allowed  to  continue  for  several  hours 
in  the  dark.  The  results  for  these  experiments  are  shown 
in  Figure  4,  parts  a  and  b.  The  fate  of  DMMP  shows  a 
similar  trend  to  results  from  the  photoreaction.  How¬ 
ever,  as  can  be  seen  in  Figure  4b,  considerably  less 
MeOH  was  produced  in  thermal  reactions  (max  [MeOH] 

=  7.0  x  10“3  mol  %).  Under  these  conditions,  no  CO2  ? 
was  observed  in  thermal  reactions.  Turnover  rates  for  i 
DMMP  reactions  over  AMO  are  listed  in  Table  1.  j 

D.  Regeneration  of  AMO.  After  several  reactions  <5 
with  DMMP,  AMO  was  collected  (-90  mg)  and  placed  | 
in  100  mL  of  DDW  and  stirred  for  —  1  h.  The  sample  j 
was  filtered  and  washed  with  DDW  several  times.  The  | 
AMO  sample  was  dried  overnight  in  air  at  110  °C,  and  1 
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Table  1.  Turnover  Rates  for  DMMP  Reactions  over  A>fo 
reaction 


turnover  rates  * 


dark,  T-  40  °C  (131  min) 
dark,  7=  70  °C  (141  min) 
dark,  T  =  40  “C  (131  min) 
dark,  T  =  70  °C  (141  min) 


1.19  x  10-3 
3.67  x  1CT2 

1.20  x  lO'3 
2.62  x  10'3 


‘Turnover  rate  =  (mol  MeOH  +  mol  C02)/mol  Mn)(h).  Reaction 
conditions  are  given  in  Figures  3  and  4. 
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Figure  5.  (a)  Time  course  of  DMMP  in  AMO  regeneration 
studies  and  (b)  production  of  MeOH  vs  time  in  AMO  regenera¬ 
tion  studies.  Reaction  conditions:  50  mg  AMO,  air  flow  rate 
=  30  mL/min,  lamp  power  =  450  W. 


the  following  day  was  retested  as  a  catalyst  in  reactions 
r'  DMMP.  Only  DMMP  and  MeOH  were  analyzed  in 
^..ese  experiments.  Figure  5a  shows  the  fate  of  DMMP 
during  the  reaction  using  regenerated  AMO.  This  result 
is  similar  to  that  obtained  when  using  fresh  AMO.  At 
the  beginning  of  the  reaction  under  dark  conditions,  the 
MMP  concentration  decreases,  although  not  as  dra¬ 
matically  as  in  fresh  AMO  samples.  The  DMMP  con¬ 
centration  then  slowly  increases  to  the  inlet  level.  When 
.  e  lamp  was  turned  on,  the  DMMP  concentration 
increases  significantly  as  with  fresh  AMO  and  then 
>e'  °ta  off  after  several  hours  to  concentrations  near  the 
mic.,  concentration. 

5b  shows  the  production  of  MeOH  as  a  func- 
i°n  of  time  in  the  regeneration  experiments.  The 
^mation  of  MeOH  also  follows  similar  trends  as  fresh 
^  j  Under  dark  conditions,  small  amounts  of  MeOH 
*  x  10  3  mol  %)  are  formed,  starting  after  30  min. 
e  MeOH  concentration  decreases  slightly  until  the 
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Figure  6.  IR  spectrum  of  liquid  DMMP. 


Table  2.  IR  Frequencies  and  Assignments  for  DMMP  and 
_ Adsorbed  DMMP  on  AMO  after  Reactions 


vibrational  mode'2 

IR  frequencies  (cm"1) 

liquid 

DMMP 

AMO  dark 
reaction 

AMO  dark  and 
light  reaction 

Va  (CH3P) 

2997 

2988  (0.002) 

29SS  (0.002) 

va  (CH3O) 

2955 

2956  (0.004) 

2949  (0.002) 

v3  (CH3P) 

2930 

2923  (0.003) 

2926  (0.002) 

V,  (CHaO) 

2354 

2852  (0.003) 

2347(0.002) 

<5,  (CH-P) 

2997 

2988  (0.002) 

29SS  (0.002) 

v  (P-O) 

1250 

1225  (0.039) 

1179(0.035) 

P  (CH.-jO) 

1189 

1184  (0.029) 

1179  (0.035) 

V(CO) 

1062 

- 

1052  (0.099) 

V(CO) 

1036 

1035  (0.147) 

_ 

P  (CK.iP) 

914 

917(0.027) 

89S  (0.023) 

v  (P02) 

820 

823  (0.022) 

_ 

V  (POO 

7S9 

793  (0.017) 

797(0.014) 

»-  (PC) 

711 

— 

— 

“  Values  for  vibrational  modes  taken  from  Ref  11.  v  =  stretch, 
^  —  detormation,  p  =  rock,  a  =  antisymmetric,  s  ~  symmetric. 
Numbers  in  parentheses  denote  absorbance  units. 


light  is  switched  on.  After  the  light  is  turned  on,  a  large 
amount  of  MeOH  (4.0  x  10"2  mol  %)  is  initially 
observed.  This  corresponds  to  approximately  the  same 
amount  of  MeOH  seen  with  fresh  AMO  samples.  The 
production  of  MeOH  then  decreases  as  was  observed 
with  fresh  AMO. 

E.  IR  Analysis  of  Spent  AMO.  IR  analyses  of  spent 
AMO  were  used  to  examine  adsorbed  DMMP  species. 

The  IR  spectrum  of  liquid  DMMP  was  first  measured 
for  comparison  and  is  shown  in  Figure  6.  This  was 
measured  by  placing  a  small  amount  of  liquid  DMMP 
onto  a  KBr  pellet.  The  major  peaks  and  their  assign¬ 
ments  are  listed  in  Table  2.  Peaks  pertaining  to  DMMP 
occur  between  3200  and  2600  cm'1  and  between  1800 
and  750  cm  h  The  higher  frequency  peaks  are  due  to 
methyl  group  stretching  vibrations,  while  the  latter  are 
due  to  C— O,  C— P ,  and  P=0  stretching  vibrations  and 
methyl  deformation  vibrations.11  Extra  peaks  occurring 
between  2300  and  2400  cm-1  are  due  to  atmospheric 
CO2,  while  the  broad  peaks  around  3450  cm-1  are 
probably  from  small  amounts  of  methanol  or  H:0 
impurities  in  DMMP. 

After  reactions  with  DMMP,  AMO  was  removed  from 
the  reactor  and  IR  spectra  were  collected.  To  compare 
the  effects  of  light  on  the  adsorbed  DMMP  species,  some 
AMO  was  removed  after  reaction  with  DMMP  in  the 
dark  only  (after  130  min).  In  Figure  7,  IR  spectra  are 
shown  for  (a)  AMO,  (b)  AMO  after  exposure  to  DMMP 
i J-U 
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Figure  7.  IR  spectrum  of  (a)  AMO,  (b)  AMO  after  reaction 
with  DMMP  in  the  dark,  and  (c)  AMO  after  reaction  with 
DMMP  in  the  dark  and  light. 


Figure  8.  Lower  frequency  IR  spectra  of  adsorbed  DMMP 
species:  (a)  after  reaction  with  DMMP  in  the  dark,  and  (b) 
after  reaction  with  AMO  in  the  dark  and  light. 


in  the  dark,  and  (c)  AMO  after  exposure  to  DMMP  in 
the  dark  and  light.  The  assigned  IR  peaks  for  adsorbed 
DMMP  species  on  AMO  are  given  in  Table  2.  The  IR 
spectrum  of  AMO  shows  an  intense,  broad  peak  cen¬ 
tered  around  500  cm"1,  which  is  due  to  Mn-0  vibra¬ 
tions.  Peaks  between  1400  and  1800  cm"1,  and  the  broad 
peak  at  3300  cm"1  are  due  to  O-H  vibrations,  caused 
by  adsorbed  H2O  and  hydroxyl  groups  on  the  AMO 
surface.  Peaks  are  also  observed  between  2300  and  2500 
cm"1,  which  are  due  to  atmospheric  CO?.  The  sharp 
peak  at  1385  cm"1  is  believed  to  be  from  an  impurity  in 
KBr. 

The  IR  spectra  of  AMO  after  DMMP  reactions  in 
Figure  7  (parts  b  and  c)  both  show  the  presence  of  many 
peaks  associated  with  adsorbed  DMMP.  The  most 
intense  peaks  occur  at  the  lower  frequencies  ( 1800—750 
cm"1),  while  less  intense  peaks  are  observed  at  the 
higher  frequencies  (3200—2600  cm"1).  In  addition,  peaks 
caused  hy  O-H  vibrations  are  drastically  reduced  after 
reaction  with  DMMP.  To  see  more  detail,  the  lower 
frequency  portion  of  the  IR  spectra  are  shown  for  AMO 
after  reactions  with  DMMP  in  Figure  8.  Adler  dark 
reactions  (part  a),  peaks  can  be  seen  at  1312, 1225, 1184, 
1035,  917,  828,  and  793  cm"1.  In  the  IR  spectra  of  AMO 
taken  after  reactions  done  in  the  light  (part  b),  similar 
peaks  are  observed;  however,  many  of  the  peaks  shift 
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Figure  9.  Ion  chromatograph  of  an  aqueous  extract  of  AMO 
after  reaction  with  DMMP  in  dark  and  light. 


Table  3.  Amount  of  MMP  and  MPA  Produced  During 
DMMP  Decomposition  Reactions 

reaction  (mg/g) 
MMP  MPA 


dark  (131  min) 

26.54 

0.10 

dark  (131  min)  -f-  light  (141  min) 

67.83 

6.22 

dark  (272  min) 

2S.84 

0.14 

in  frequency.  In  part  b,  peaks  are  observed  at  1307, 
1179,  1052,  898,  and  797  cm"1. 

The  higher  frequency  portion  of  the  IR  spectra  of 
AMO  after  reactions  with  DMMP  indicate  that  peaks 
appear  much  weaker  in  intensity  than  those  of  the  lower 
frequency  bands.  Since  these  peaks  are  much  weaker, 
the  analysis  becomes  somewhat  difficult.  After  dark 
reaction  with  DMMP,  peaks  are  observed  at  29SS,  2956, 
2923,  and  2S52  cm"1.  After  reaction  with  light,  similar 
peaks  are  observed;  however,  slight  shifts  to  lower 
energies  are  noted,  especially  for  CH3O  stretching 
frequencies. 

F.  Soxhlet  and  H2O  Extractions  of  Spent  AMO. 
Soxhlet  extractions  in  CHCI3  of  spent  AMO  after  reac¬ 
tions  in  the  dark  and  light  showed  the  presence  of 
DMMP,  indicating  that  some  DMMP  is  adsorbed  mo- 
lecularly.  No  attempt  was  made  to  quantify  these  data. 
A  comparison  was  made  between  aqueous  extracts  of 
AMO  after  reactions  with  DMMP  in  the  dark  only,  and 
with  AMO  after  reaction  in  the  dark  and  light.  In  Figure 
9,  an  ion  chromatogram  is  shown  for  an  extract  of  AMO 
taken  after  reaction  in  dark  and  light.  The  IC  analyses 
showed  one  major  peak,  identified  as  methyl  meth- 
vlphosphonate  (MMP).  A  smaller  peak  was  observed, 
which  was  identified  as  methylphosphonic  acid  (MPA). 
Additionally,  small  impurities  from  Cl",  N03“,  and 
SO42"  were  also  observed.  The  IC  results  indicated  that 
AMO  extracts  taken  after  dark  and  light  reactions 
contained  more  MMP  and  MPA  than  extracts  taken 
after  dark  reactions.  Table  3  lists  the  amounts  of  MMP 
and  MPA  produced  in  DMMP  decomposition  reactions. 
To  confirm  that  MMP  and  MPA  are  from  DMMP  and 
AMO,  blank  experiments  were  performed  by  treating 
DMMP  with  ultrasound  and  examining  the  products  by 
IC.  In  these  experiments,  no  MMP  or  MPA  were 
observed,  verifying  that  these  products  are  from  the 
decomposition  of  DMMP  over  AMO.  No  P043~  was 
observed,  indicative  of  incomplete  decomposition  of 
DMMP,  MMP,  and  MPA. 
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IV.  Discussion 

A.  Catalytic  Results.  The  results  from  the  DMMP 
reactions  shown  in  Figure  3a  indicate  that  there  is  a 
strong  interaction  between  DMMP  and  AMO.  Under 
dark  conditions,  DMMP  is  strongly  adsorbed  on  the 
AMO  surface.  When  irradiated  with  light,  large  amounts 
of  DMMP  are  desorbed  from  the  surface.  This  was 
apparent  from  the  GC  results  as  the  DMMP  concentra¬ 
tion  initially  increased  to  three  times  the  inlet  concen¬ 
tration.  Additionally,  a  condensate  was  observed  to  form 
on  the  inside  of  the  quartz  window  of  the  reactor 
immediately  following  irradiation;  presumably  desorbed 
DMMP.  These  results  suggest  that  a  considerable 
amount  of  DMMP  is  molecularly  adsorbed  onto  AMO 
and  is  desorbed  immediately  following  irradiation.  Since 
the  vapor  pressure  of  DMMP  is  extremely  low  (1.05 
Torr),  adsorption  of  DMMP  on  the  AMO  surface  is 
favorable,  especially  at  the  low  temperatures  used  in 
these  reactions. 

The  results  from  Figure  3,  parts  b  and  c,  show  that 
DMMP  reacts  over  AMO  to  form  MeOH  and  C02.  This 
indicates  that  in  addition  to  molecular  adsorption,  some 
DMMP  is  adsorbed  on  AMO,  followed  by  reaction  to 
form  products.  The  results  from  thermal  decomposition 
reactions  of  DMMP  over  AMO  (Figure  4,  parts  a  and  b) 
indicate  that  some  thermal  decomposition  occurs.  The 
turnover  rate  for  the  thermal  reaction  is  an  order  of 
magnitude  less  than  that  for  the  photoreaction  (see 
Table  1),  suggesting  that  there  is  photoinduced  decom¬ 
position  of  DMMP.  The  high  activity  initially  observed 
after  irradiation  is  immediately  followed  by  fast  deac¬ 
tivation.  Under  these  conditions,  no  steady-state  con¬ 
version  was  observed.  The  turnover  rates  for  these 
reactions  are  quite  low,  suggesting  that  DMMP  decom¬ 
position  over  AMO  is  stoichiometric  and  not  catalytic. 

We  believe  that  these  reactions  are  photoinitiated  and 
that  the  initial  activity  is  due  to  a  photoevent.  Ad¬ 
ditional  thermal  experiments  carried  out  at  tempera¬ 
tures  which  were  measured  during  in  situ  irradiation 
(70  °C)  showed  significantly  less  (^8%  photoproducts) 
product  formation  than  during  photolysis  experiments. 
Such  temperature  measurements  are  consistent  with 
previous  studies  using  the  same  reactor  in  studies  of 
decomposition  of  CHsBr  and  oxidation  of  2-proponol.18"20 
In  both  of  these  other  photoreactions,  there  was  clearly 
some  but  significantly  less  thermal  conversion  than 
photoconversion.  A  significant  difference  here,  in  the 
*use  of  DMMP  decomposition,  is  that  deactivation  and 
poisoning  of  the  AMO  catalyst  is  severe.  We  are  cur¬ 
rently  devising  ways  to  avoid  such  deactivation. 

In  catalytic  oxidation  studies  of  DMMP  over  metal 
oxides,  strong  deactivation  is  commonly  observed.1’6*12 
A  major  concern  in  gas-phase  catalytic  studies  of  orga- 
nophosphorus  compounds  over  solids,  is  that  poisoning 
catalyst  surfaces  by  PO.T  species  is  favored,  especially 
at  lower  temperatures.  The  total  oxidation  of  DMMP 
can  be  represented  by6 

ch';J(CH30)2P0  +  (X  -f-  15V20,  - 

3C02  +  3/2  HoO  4- POr  (1) 

total  oxidation  of  DMMP,  POx  species  cannot  be 
removed  from  the  catalyst  unless  temperatures  >350 
are  used.  This  is  because  the  most  favored  gaseous 
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phosphorus  oxide  species  (P20f3)  has  a  sublimation  point 
of  around  350  °C.6  In  addition,  the  reaction  of  PO-  with 
H2O  can  lead  to  the  formation  of  phosphoric  acid  (i.e., 
H3PO4),  which  may  also  contribute  to  catalyst  poisoning. 

The  results  from  the  regeneration  studies  suggest  that 
by  washing  spent  AMO  with  H20,  much  of  the  phos¬ 
phorus  species  can  be  removed.  This  is  evident  from 
Figure  4,  parts  a  and  b,  as  DMMP  and  MeOH  plots  of 
regenerated  AMO  showed  similar  trends  as  fresh  AMO 
(Figure  3,  parts  a  and  b).  Regeneration  by  washing  Ti02 
after  reaction  with  DMMP  has  also  been  shown  to  be 
successful. “  In  aqueous  photocatalytic  oxidations  of 
DMMP  over  Ti02,  high  conversion  to  H3PO4  was  ob¬ 
served  for  several  days.13  These  results  indicate  that 
HoO  may  be  very  important  in  photocatalytic  oxidations 
of  DMMP  over  solids.  This  most  likely  occurs  because 
H3PO4  and  other  organophosphates  are  soluble  in  H20, 
and  water  may  help  in  desorbing  adsorbed  species  from 
the  catalysts,  avoiding  poisoning.  Another  advantage 
that  HoO  has  in  photocatalytic  oxidations  is  that  reac¬ 
tive  hydroxyl  radicals  are  generated  by  photooxidation 
of  H20.  The  hydroxyl  radicals  are  often  strong  oxidants 
and  are  important  in  the  total  oxidation  of  many  organic 
compounds.13 

In  our  work,  we  have  examined  the  effect  of  adding 
H20  in  the  reaction.  Experiments  were  performed  by 
passing  air  through  a  bubbler  containing  H20  and  then 
mixing  it  with  DMMP  before  the  reactor.  The  results  of 
these  experiments  showed  that  approximately  the  same 
amount  of  MeOH  was  produced  compared  with  DMMP 
only  reactions.  These  experiments  suggest  that  a  hy¬ 
droxyl  radical  attack  is  not  the  predominant  mecha¬ 
nism. 

B.  IR  Analyses.  The  IR  spectrum  of  AMO  before 
DMMP  reactions  (Figure  7a)  indicates  that  the  AMO 
surface  is  hydroxylated.  After  reactions  with  DMMP 
(Figure  7,  parts  b  and  c),  there  is  a  large  decrease  in 
O—H  and  H20  peaks,  suggesting  that  DMMP  either 
reacts  with  or  displaces  surface  O-H  groups  on  AMO. 
Previous  IR  studies  have  shown  that  photolysis  of  AMO 
can  also  remove  H20  from  the  surface.18 

The  results  from  the  IR  analyses  of  spent  AMO 
(Figures  / b,c  and  8  and  Table  2)  show  the  presence  of 
many  DMMP  peaks.  Many  of  these  peaks  are  shifted 
toward  lower  energies.  This  is  often  indicative  of  bond 
weakening  of  adsorbed  species  on  solids.  The  most 
pronounced  shift  is  observed  for  the  P=0  vibration.  In 
liquid  DMMP,  this  peak  appears  at  1250  cm’1.  After 
reaction  in  the  dark,  the  peak  shifts  to  1225  cm"1  and 
after  reaction  in  the  dark  and  light  to  1179  cm"1.  This 
is  strong  evidence  that  the  P=0  moiety  is  involved  in 
bonding  to  the  AMO  surface.  Similar  observations  were 
recently  observed  in  DMMP  adsorption  studies  over 
AI2O3,  MgO,  and  La203.11  The  interaction  of  P—O  with 
Mn  is  consistent  with  a  Lewis  acid/base  type  adsorption 
mechanism.  The  phosphoryl  oxygen  is  electron-rich,7 
and  can  act  as  a  Lewis  base,  which  can  interact  with 
Lewis  acid  sites  on  AMO  (i.e.  Mn3+,  Mn4+).  This  leads 
to  the  formation  of  Mn-0=P  bonds,  which  likely 
weaken  the  P=0  bonds,  consistent  with  the  IR  data. 
While  this  conclusion  explains  how  the  peak  shifts  from 
1250  to  1225  cm"1,  it  is  not  quite  clear  how  light  results 
in  a  further  shift  to  1179  cm-1.  Perhaps  in  light,  the 
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phosphonate  species  orients  differently,  in  a  weaker 
interaction. 

The  IR  spectra  of  Figure  8  indicate  that  the  C— 0 
stretching  vibrations  at  1062  and  1036  cm”1  become 
weaker  and  broader  after  reaction  with  DMMP  in  the 
light.  This  is  consistent  with  the  loss  of  methoxy  groups 
(i.e.,  formation  of  MeOH).  The  peak  at  1317  cm”  1 
corresponds  to  the  CH3P  deformation.  No  intensity 
change  was  observed  after  DMMP  reactions,  suggesting 
that  the  P-CH3  bond  stays  intact.  However,  this  peak 
shifts  slightly  toward  lower  frequencies  (10  cm”1)  after 
reaction  in  light,  suggesting  some  weakening.  The  P-C 
stretch  at  711  cm-1  cannot  be  analyzed  in  these  studies 
due  to  interference  from  Mn— 0  peaks.  Therefore,  from 
the  IR  data,  it  is  difficult  to  determine  with  certainty  if 
P—CH3  bonds  are  broken. 

The  peaks  corresponding  to  PO2  stretching  vibrations 
at  820  and  789  cm”1  show  several  changes  after  DMMP 
reactions.  After  dark  reactions  with  DMMP,  the  peak 
at  820  cm”1  shifts  to  828  cm”1  and  disappears  after  light 
reaction.  The  peak  at  789  cm”1  shifts  to  higher  energies 
after  reaction  with  DMMP.  These  results  suggest  the 
formation  of  a  new  adsorbed  species;  perhaps  a  different 
PO2  mode  corresponding  to  the  loss  of  methoxy  groups 
(i.e.,  adsorbed  methyl  methylphosphonate). 

C.  Extraction  Analyses  and  Mechanism.  The 
Soxhlet  extractions  of  AMO  in  CHCI3  after  reaction 
indicate  that  some  DMMP  is  adsorbed  molecularly  or 
nondissociatively;  however,  H2O  extractions  of  spent 
AJVIO  show  that  adsorbed  DMMP  reacts  to  form  MMP 
and  smaller  amounts  of  MPA  (Table  3).  At  the  sugges¬ 
tion  of  a  reviewer,  an  additional  experiment  was  per¬ 
formed  where  the  DMMP  reaction  was  run  over  AMO 
in  the  dark  for  272  min.  These  results  show  that  roughly 
the  same  amount  of  MMP  and  MPA  are  produced  as 
compared  to  dark  only  reactions  after  131  min.  The 
formation  of  MMP  and  MPA  are  consistent  with  the  GC 
and  IR  data.  A  possible  mechanism  is  shown  in  Figure 
10.  DMMP  is  first  bonded  to  AMO  via  the  phosphoryl 
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oxygen.  The  second  step  involves  electrophilic  attack  by 
the  AMO  surface  on  DMMP,  leading  to  the  loss  of  a 
methoxy  group.  This  probably  occurs  by  abstraction  of 
hydrogen  from  AMO  surface  hydroxyl  groups,  which 
results  in  the  evolution  of  MeOH  and  the  formation  of 
an  adsorbed  methyl  methylphosphonate  species.  This 
species  is  then  hydrolyzed  in  H2O  to  form  MMP  and 
some  MPA.  This  mechanism  is  similar  to  those  observed 
in  DMMP  adsorption  and  decomposition  studies  by 
Mitchell  et  al.  over  AI0O3,  MgO,  and  La203-U 

Another  possible  mechanism  involves  superoxide 
anion  radicals  (Oo’“),  which  can  form  from  the  photore¬ 
duction  of  O2.  Superoxide  anion  radicals  may  react  with 
DMMP  as  a  nucleophile,  causing  hydrolysis  and  loss  of 
a  MeOH  group.  Further  photoreactions  were  done  in  N2, 
which  showed  that  approximately  the  same  amount  of 
MeOH  is  produced  in  both  cases.  Since  MeOH  is 
produced  in  the  absence  of  O2,  this  suggests  that  a 
superoxide  anion  radical  mechanism  is  not  occurring. 
However,  since  AMO  is  known  to  release  O2  during 
photolysis,  it  cannot  be  completely  ruled  out  that 
superoxide  anion  radicals  do  not  form. 

A  reviewer  has  suggested  that  the  formation  of  MeOH 
in  the  dark  may  be  due  to  acid-catalyzed  surface 
hydrolysis.  This  may  be  the  case,  since  in  the  prepara¬ 
tion  of  AMO,  an  acidic  precursor  is  used  (oxalic  acid). 
It  is  therefore  possible  that  the  AMO  surface  is  proto- 
nated.  Several  experiments  were  performed  to  examine 
this  possibility.  In  one  experiment,  an  unwashed  sample 
of  AJVIO  was  tested.  It  would  be  expected  that  an 
unwashed  sample  of  AMO  would  be  more  acidic  than 
washed  samples  of  AMO.  Another  experiment  was  done 
using  H+-AMO,  prepared  by  exchanging  K*  in  AJVIO 
with  NH4A  Following  ion  exchange,  the  sample  was 
heated  to  evolve  NH3  leaving  K”-AMO. 

In  both  cases,  the  enhancement  of  acidity  of  AMO  to 
generate  Bronsted  sites  led  to  materials  that  produced 
similar  amounts  of  methanol.  These  data  are  somewhat 
inconclusive,  since  the  number  of  acid  sites  was  in¬ 
creased,  but  we  have  little  information  on  the  exact 
numbers,  amounts,  strengths,  or  types  of  sites  intro¬ 
duced  with  this  indirect  method.  In  addition,  the  orig¬ 
inally  present  acid  sites  are  very  likely  still  present  and 
could  still  potentially  give  rise  to  methanol  formation. 
We  are  unsure  about  the  mechanism  of  methanol 
formation  in  the  dark.  At  this  point  Brpnsted  acid,  Lewis 
acid,  or  base  sites  cannot  be  ruled  out. 

The  CO2  formed  in  these  reactions  most  likely  comes 
from  the  photooxidation  of  methoxy  groups  of  DMMP 
and  possibly  from  the  photooxidation  of  MeOH.  Man¬ 
ganese  oxide  supported  AI2O3  has  been  shown  to  be  able 
to  photooxidize  MeOH  to  CO2.23  An  experiment  was 
done  to  determine  if  MeOH  can  be  photooxidized  to  CO2 
over  AMO.  In  this  experiment,  a  small  amount  of  liquid 
MeOH  was  placed  on  AMO,  and  then  put  into  the 
photoreactor.  When  the  sample  was  irradiated  with 
light  and  air  was  passed  over  it,  large  amounts  of  CO2 
were  observed.  In  thermal  reactions  done  in  the  dark 
at  70  °C,  no  CO2  was  observed,  suggesting  that  light  is 
necessary  for  CO2  formation.  Since  no  phosphoric  acid 
was  detected  in  the  AMO  extracts,  more  conclusive 

(23)  Okzan,  U.  S.;  Kueller,  R.  F.;  Moctczuma,  E.  Ind.  Eng.  Chem. 
Res.  1990 ,29,  1136-1142. 
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evidence  is  provided  suggesting  that  no  P-CH3  oxida- 
tion  is  occurring. 

V.  Conclusions 

To  the  best  of  our  knowledge,  this  is  the  first  report 
of  DMMP  decomposition  reactions  over  manganese 
oxide  materials.  DMMP  was  found  to  strongly  adsorb 
to  AMO,  with  both  physi-  and  chemisorption  occurring. 

.  initial  irradiation  of  adsorbed  DMMP  on  AMO  shows 
chat  DMMP  reacts  to  form  C02  and  MeOH.  The  C02 
produced  comes  from  the  photooxidation  of  methoxy 
groups  and  not  from  oxidation  of  P-CH3.  The  decom¬ 
position  reaction  occurs  due  to  a  combination  of  thermal 
and  photoinduced  effects.  The’  strong  adsorption  of 
DMMP  on  the  AMO  surface  leads  to  severe  poisoning. 
Several  products  accumulate  on  the  AMO  surface, 
including  MMP  and  MPA,  which  most  likely  contribute 
to  the  catalyst  poisoning. 

In  the  future  we  will  try  to  improve  the  activity  of 
gas-  phase  photoassisted  DMMP  decomposition  reac- 
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tions.  One  way  in  which  this  may  be  accomplished  is 
by  optimizing  the  catalyst  synthesis.  We  are  currently 
examining  the  addition  of  dopants,  changing  reactant 
concentrations,  and  the  use  of  different  reducing  agents. 
To  better  understand  AMO  deactivation  by  DMMP  and 
to  improve  conversion  efficiencies,  we  are  currently 
investigating  thermal  reactions  (i.e.,  >70  °C)  of  DMMP 
over  AMO. 
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